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Experimental Error Estimates
Associated with Pilot

- Activated-Carbon Investigations
of Trace Otganic Removals

MICHAEL ] MCcGUIRE, THEODORE S. TANAKA, and MARSHALL K. DAVIS

:The Metropolitan Water District of Southern California, Water Quality Branch, La
erne, CA 91750

The removal of irihalomethane precursor substances as
estimated by total organic carbon using granular activated
carbon was investigated in a pilot plant study. The study was
designed with replicate GAC columns and replicate ana-
lytical procedures so that statistical statements could be made
on postulated differences between column performances.
After 55 days, the TOC removal mechanism appeared to be
biological degradation, although the slow adsorption mechan-
Jism could not be ruled out. Grab and composite sampling
should be evaluated for each granular activated-carbon study
‘to avoid conclusions based on nonrepresentative data.
Trihalomethane analytical variability dominated the varia-
bility of the overall experiment.

E METROPOLITAN WATER DISTRICT of Southern California (Metropolitan)
4 public and municipal corporation of the State of California, which
e supplemental water as a wholesaler through 27 member agencies
itics-and water districts) to nearly 12 million people in a 13,000-km?
4. mi} service area on.the coastal plain of Southern California
mately one-half of this supplemental water—860 X 10 m?
90 acre-ft)—is imported through 242 miles of aqueduct from the
0 River. Initial deliveries of Colorado River water (CRW) began in
In addition, Metropolitan has contracted to receive more than
] ® m® {2 million acre-ft) annually of Northern California water
he 444-mile-long State Water Project First deliveries of State

ter (SPW) began in 1972.
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On November 29, 1979, the US. Environmental Protection Agency
promulgated the trihalomethane (THM) regulation. The regulation estab-
lished monitoring requirements and a maximum contaminant level (MCL)
of 0.10 mg/L for total trihalomethanes (total THM). Figure 1 shows a
schematic of the feasibility analysis process that Metropolitan has been
engaged in over the past few years in anticipation of the promulgation of
the THM regulation. The schematic is very similar to a feasibility analysis
schematic presented previously for control of synthetic organic chemicals
(1). While the feasibility analysis process appears to be linear, several
steps are being pursued in a parallel fashion.

Table I summarizes the extent of the trihalomethane problem in
Metropolitan’s system (2). Quarterly averages over the past 2.5 years have
been very close to the MCL for total THM. What Table I does not show is
that many member agencies take water from Metropolitan’s system, hold it
for several days, and possibly rechlorinate. Data from these systems are
just now becoming available and, as expected, some member agency
systems contain THM levels higher than the MCL. To meet its responsi-
bility as a wholesale water purveyor, Metropolitan has embarked on a
course of action to provide water to its member agencies that will allow
them to comply with the MCL without additional treatment.

Changing the source of supply and using existing treatment pro-
cesses to completely control the THM problem have been investigated
and determined infeasible for Metropolitan. Other more exotic treatment
techniques have been evaluated on a bench- and pilot-scale basis. In
general, there are three ways to control trihalomethanes in drinking water:
remove THM after formation, remove precursors before THM formation,
and use a disinfectant other than chlorine to prevent THM formation.

This chapter focuses on research at Metropolitan dealing with the
second option, The first option is not being seriously considered since the
kinetics of THM formation in Metropolitan’s case are relatively slow and
removal of THM at the treatment plant is infeasible. Alternative dis-
infectants, particularly chloramines, are also being evaluated. The purpose
of this chapter is to present the results of a study on the removel of THM
precursor substances as estimated by total organic carbon using granular
activated carbon (GAC). Data not included in this chapter have demor-
strated a relationship between removal of THM precursors and removal of
total organic carbon (TOC). Removals of individual THM components will
also be discussed as examples of difficult to adsorb, low molecular weight
halogenated methanes. The study was designed with replicate GAC
columns and replicate analytical procedures so that statistical statements
could be made on postulated differences between column performances.
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Table L Total Trihalomethane Data Summary

Quarterly Running Percent of
Average Annual Average  Samples Over
Quarter (ng/L) (ug/L) 100 ug/L
Jan. 1979 94 — 47
Apr. 1979 103 — 42
July 1979 114 _ 64
Nov. 1979 a7 y 47

Feb. 1680 79 98 8
May 1980 90 95 29
Aug. 1880 94 90 4]
Nov. 1980 102 91 58

Feb, 1681 86 11
May 1981 80 ' 18

Experimental

TOGC was analyzed in the water samples using a Dohrman DC-80 organic
carbon analyzer. TOC removal was followed as a rough surrogate of the removal o
THM precursors. In previous research at Metropolitan, a method had been
developed to measure the THM formation potential by chlorinating a sample to g
desived level holding it over several weeks, and measuring the resulting THM
compounds formed (3, 4). In an effort to improve pH control, a phosphate buffe;
was added to the samples in the GAC study prior to chlorination. Subsequently
was discovered that the buffer was contaminated with a THM precursor, and all ¢
the THM formation potential data had to be discarded. ‘

Trihalomethane analyses were accomplished using a liquid-liquid extractiof
procedure followed by injection on a Varfan 3700 gas chromatograph (2-4]
Quality assurance procedures were rigorously employed in this work Standards
spikes, replicates, and blanks accounted for 20-30% of the samples analyzed.

Pilot Plant, A S-gallon/min all glass, stainless steel and Teflon pilot plan
was used to provide conventional treatment before GAC filtration. The pilot plar
is located in a pipe gallery at the F. E. Weymouth Filtration Plant. Rapid m
cherical addition, flocculation, sedimentation, and dual media filtration are
conventional unit processes. ;

Following a filtered water storage reservoir are six glass columns 15 em (6 if
in diameter and 3 m (10 f) high, Figure 2 illustrates how the columns wer
arranged during Phase | to test GAC in a parallel operations mode.

Experimental Design and Sampling. A number of pilot-scale GAC tr
ment studies have been completed (5). The studies are normally designed
investigate one or more of the following general parameters: comparison
adsorbents, effect of pretreatment, temporal variations of organics, hydra
parameters, column operation modes, and removal of classes of organics.

Without exception, the studies have been conducted by comparing:
results of one column versus another without any replication. Theve i8
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Figure 2. GAC pilot column arrangement in Phase 1.
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information available in the literature on estimates of the precision of these
studies. It has been well established in the designs of most experiments that an
estimate of the experimental error is essential to recognize significant differences
hetween treatments (kype of GAC, variation in hydraulic parameters, etc.). Until
now, investigators relied on their “sense” of what a significant difference is. Of
course, this “sense” varies among investigators and is a less than optimum method
of decision making. There are a number of case histories in the literature that have
produced conflicting conclusions on the effects of various parameters. While some
of these conflicts are caused by real differences in the characteristics of the water
being tested, it is suspected that some are the result of different “perceptions” of
what a significant difference really is.

Another difficulty encountered in evaluating pilot plant data is the usual
reliance on grab samples for characterizing the GAC column influent and effluent
conditions (eg, organic compound concentrations). Wide variability in
influent/effluent conditions has made it difficult to interpret the actual mass
loadings on the GAC columns. Diurnal, seasonal, and yearly variability of com-
pound concentrations and water quality factors are rarely evaluated. Instead, one
grab sample is assumed to be representative of an extended period of time
(typically 1 week). One reason for the infrequent grab sampling scheme is the
high cost and relatively involved analytical requirements for determining organic
compounds in water. For the preceding reasons, it was decided to use composite
samplers specially constructed for this project. Co

Figure 2 indicates that three replicate GAC columns with empty bed contact
times {(EBCTs) of 7.5 min were run in addition to three other columns with EBCTSs
ranging from 3.75 to 225 min. Influent and effluent composite samples were
collécted using the sampler designed by Westrick and Cummins (6). Grab
samples were also collected and compared to the respective composite sample
vesults, The composite samplers were designed to ensure a headspace free sample
with no significant losses of volatile trace organic compounds {e.g., trihalo-
-methanes) over the 3.5-day compositing period. The samplers were kept iri
refrigerators to preserve the sample. _

Tt was anticipated that, over the course of the project period, the quality of the
pilot plant influent water would vary considerably. The pilot plant receives the
same blend of State Project and Colorado River water that the F. E. Weymouth
Filtration Plant receives. Figure 3 shows how the percentage of SPW changed
over the project period, The dramatic fluctuations were caused by requirements to
shut down either the SPW or CRW system for scheduled preventative maintenance.
The purpose of using the composite samplers was to obtain representative sample
during the fuctuation periods. While it is true that composite sampling masks th
peaks and valleys, it does give an accurate average representation of what 2
population might be exposed to over a period of time. This is the type ¢
information that toxicologists and epidemiologists require to evaluate a popu
Jation's exposure to potentially harmful compounds. :

Statistics. A variety of statistical techniques were used to evaluate sig
nificant differences between the GAC column performances {7, 8). Analysis o
variance, unpaired £ test, F test, and confidence limits were calculated on influen
and GAC colamn effluent data. In addition, the variance associated with the tot2
experiment was partitioned into the analytical and eolumn variances. From
statistical theory we can write:

a%otal = U?nalyrical + Uséolumn
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This equation is only valid if 62,4, 2nd 0%, are statistically independent
Equation | was applied to the breakthrough data from the three 7.5-min

EBCT columns to obtain the total variance, 02, and to the analytical precision

data to obtain the analytical variance, 0%, .icq- The variance associated with
running the columns, oZy,m,, was calculated by subtraction, The purpose of this
exercise was to determine which part of the experiment contributed to the
majority of the experimental variance.

Results and Discussion

TOC Removals, Variability in the influent TOC data was tested
over a 24-h period on December 11 and 12, 1980. Figure 4 shows little
variability in the hourly grab samples of the column influent. These data
are confirmed in Figure 5 which shows the influent and CAC column
effluent TOC data These data and all subsequent data, unless noted, are
derived from composite samples. The influent TOC data are remarkably
consistent despite the wide variations in percent blend shown in Figure 3.
The TOC content of the two sources of supply was very similar during the
Phase | testing period.

The GAC column effluent data in Figure 5 show the classic break-
through pattern for TOC: (1) immediate low level leakage through the
columns, (2) regular, orderly breakthrough during the first phase, followed
by (3) a pseudo steady-state. '

Figure 6 illustrates the pseudo-steady-state more clearly by the
parallel cumulative removal curves. Previous discussions regarding
pseudo-steady-state removal have relied on a discussion of biological |
activity to explain the phenomenon. Recently, an alternate explanation
involving the slow adsorption mechanism has been proposed (9). There is
direct evidence to support a biological activity mechanism including.
elevated standard plate counts in GAC column effluents, high bacterial
densities measured by standard plate counts on the exhausted carbon
surface, and direct observation of bacterial species on the carbon surface.

Figure 7 is a scanning electron photomicrograph of the surface of one
granule of activated carbon from Phase L Visible are cocci, spinllium, and
filamentous bacteria ,

After the completion of the pilot study, bacteria were washed from
the carbon surface, isolated on plate count media, and identified to the
genus level using the three-tube technique of Lassen (10). The dominant
genera recovered from the carbon surface included Pseudomonas and
Moraxella with some Micrococcus and other unidentified bacteria.

-The alternate explanation for at least part of the pseudo-steady-state
removal of TOC has been described as “slow adsorption” (9). The
phenomenon is said to be caused by the large size of the humic acid
molecules that are difficult to fit into the much smaller pore system of
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HOURLY VALUES

\ 0800, 12/12/80
0600, 12/11/80

TOTAL ORGANIC CARBON (mg/D

12/11/80 <& [®—>» 12/12/80

H 1 i 1 1 I
9 12 16 g 21 24 27

TIME (hours}

Total organic carbon at GAG/carbon influent; pilot 1
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Figure 7. Scanning electron
photomicrograph of%:acteﬁa on
surface of activated-carbon granule
{(28,00)XL).

activated carbon. Thus, the long-term kinetics of humic acid-like mole-
cules are slow and account for at least part of the plateau regions of the
breakthrough curves.

Table II presents a summary of the TOC removal data for the pseudo-
steady-state period (Days 55-110). The amount of TOC removed per -
gram of carbon appears to be. consistent in the GAC columns except for
the 15-min EBCT. The surface applied rate for all six of the GAC columns
was 2 gallons/min/ft® at the beginning of the test. However, the column
with an EBCT of 15 min lost 25 em (10 in.) of activated carbon during one
backwash cycle. To keep the EBCT the same, it was necessary to reduce’
the surface applied rate to 1.5. gallons/min/ft>. This lower surface applied.
rate appeared to increase TOC removal on a per gram of carbon basis.
Whether this is due to bacterial activity or “slow adsorption” is not clear:
Other work has shown that compounds removed by a strictly adsorption’
mechanism are not affected by variations in linear velocity (11).

Figure 8 illustrates the excellent replication of the TOC breakthrough;
data for the three 7.5-min EBCT results. Based on a two-way ANOVA tes
the TOC breakthrough curves for EBCT values of 3.75, 7.5, 15.0, and 22.5;
min were judged to be significantly different.

Trihalomethane Removals. Figure 9 illustrates the total TH
results of hourly grab samples of GAC column influent compared to a 24
composite sample collected during the same time period. The significa
diurnal variation in total THM values illustrated the need for composit

e
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Table IL TOC Removal Summary

EBCT Carbon Amount TOC Removed
(min) Depth () Days 55-110 {mg/g)
3.75 1 158
75 2 16.9
15.0 4 18.1
22.5 6. 159

sampling. There is no significant difference (based on 95% confidence
intervals} between the composite value of 46 pg/L and the mean of the
hourly values of 42.6 ug/L,

The more highly variable nature of THM is clearly demonstrated in
Figure 10 which shows the influent values and breakthrough curves for
chloroform. On a percentage basis, the influent variability of chloroforn) is
significantly greater than that of TOC shown on Figure 5. The chloroform
breakthrough curves are also not as “smooth” as the TOC breakthrough
curves. The influence of EBCT is demonstrated by the progressively longer
time for chloroform breakthrough and exhaustion for each breakthrough
curve, _

Breakthrough curves for the three other trihalomethanes are shown
in Figures 1113, As bromine substitution increasés on the methane
molecule, the adsorption of the compound progressively improves. Break-
through times for the four trihalomethanes for the 3.75-min EBCT were
11, 18, 32, and 49 days, respectively. Traces of bromoform did appear
prior to breakthrough; however, this is the usual pattern for trace and
highly variable influent organic compound concentrations.

Figure 14 illustrates the increased variability in the 7.5-min EBCT
replicate breakthrough curves for chloroform as compared to those for
TOC (see Figure 8). Also, Figure 14 demonstrates that the effluent
.. chloroformi concentrations from all three replicate columns appear to be
~4n excess of the influent concentration on a consistent basis after ex-
haustion at 39 days. A statistical examination (¢ test) of the mean
‘breakthrough data for the 7.5-min EBCT column and the influent chloro-
form concentration established that there was a significant difference at
05 a level. This observation is one more illustration of the chromato-
phic effect discussed elsewhere (12, 13). Poorly adsorbed compounds
ke chloroform are desorbed from the carbon surface by other more
rongly adsorbed trihalomethanes or strongly adsorbed fractions of the
OC,

While there was significant variability in the influent chloroform data,
‘comparison of grab versus composite sample results shown in Figure 15

gests no significant difference between the two data sets. A £ test at the
5 a level confirmed the graphical observation. Justifying these results
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with the significant diurnal variation shown in Figure 9 is not straight-
forward. It appears that the grab samples were taken at a time during the
day that was more or less representative of the 3.5-day composite value. Tt
must be assumed that this is particular to Metropolitan’s system and should
not be extrapolated to other systems. Every GAC column study should
evaluate the need for composite sampling particularly if the removal of
highly variable synthetic organic chemicals is a major objective of the
project

Variance Estimates. Table III lists the variance distribution and
coefficients of variation for the five parameters studied in this project. The
total variance for the THM compounds appears to be almost exclusively
composed of the analytical variance. The anomalous results for CHCIBr,
indicate that, for this compound, the analytical variance estimated from
the replicate determinations was not a good estimate.

The TOC variance data show that the total variance is composed
primarily of the variance associated with running the parallel columns.
However, as Figure § illustrated, the overall variance is extremely low
from a practical point of view. The TOC analytical method is much more
precise than the individual THM analyses.

To make comparisons between the total variances for the five
parameters, the coefficients of variation were calculated. This statistic was
‘caleulated by dividing the square root of the total variance by the overall
mean of the breakthrough curve data for the 7.5-min EBCT curves. Table
I1I indicates that the coefficient of variation for the TOC data was at least
half of the variation of the THM data. The high bromoform value is the
result of dividing by a small overall mean. Figure 13 showed that the
bromoform results were generally much lower than the other three
THM compounds.

_ For analyses that are inherently imprecise, such as THM compounds,
the total variance was almost exclusively associated with the analysis.
Results shown on Table I1I indicated low relative values for o%y,m, Which
suggests that excellent hydraulic control was maintained throughout the
pilot plant. In the design of the pilot plant, a reliable hydraulic design was

Table IIL Variance Distribution Summary

Coefficient

of
Compound Thotal = oﬁnalyﬁcal + Column Variation (%)
CHCl, LE? = 115 + 0.02 6.6
CHClyBr 1.00 = ¢.91 + .09 78
CHCIBrp 0.31 7 0.79 + = 8.7
CHBry 0.48 = 0.46 + 0.02 50.6
TOC 0.003 = 0.00084 + 0.00216 3.3
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recognized as critical to the overall performance of the research studies. It
appears that care in hydraulic design has paid off in stable, reproducible
results.

Summary and Conclusions

Replication of GAC columns and analytical results is critical if
statistically significant results are to be determined.

TOC removal appears to be affected by linear velocity. It is expected
from other work that removal of compounds affected primarily by
adsorption is not affected by linear velocity. The linear velocity effect will
be tested in upcoming experiments, '

After 55 days, the TOC removal mechanism appears to be biological
degradation, although the “slow” adsorption mechanism cannot be ruled
out. More site-specific and mechanistic investigations are needed of the
“slow” adsorption phenomenon and its contribution to pseudo steady-
state removal of TOC.

The chromatographic effect for chloroform was demonstrated to be
statistically significant. The more poorly adsorbed compound is pref-
erentially desorbed by the other more highly adsorbed compounds.

Grab and composite sampling should be evaluated for each GAC
treatment study to avoid conelusions based on nonrepresentative data.

The results of the Phase I study showed that the predominant
variability of the replicate columns was caused by analytical variability for
THM compounds, TOC results were demonstrated to be much more
precise than the THM results.
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This survey was conducted to determine the extent and costs of compliance with the existing
maximum contaminant level (MCL) for trihalomethanes (THMs). It was found, on average,
that the MCL of 0.10 mg./1. had reduced the concentrations of THMs in larger utility systems
by 40-50 percent. About 4.6 percent of the responding utilities had exceeded the MCL at least -
onge during the period 1984-86. Compliance with the THM regulation involved estimated
calgetal expenditures of $31-102 million and yearly operating and maintenance costs of $8-29

million for utilities serving more than, 10,000 peo
quality managers responding believed that the M

le. Approximately 75 percent of the water
L should not be reduced below 0.10 mg /L,

Only four-states require that smaller utilities (those servinfg fewer than 10,000 people)

monitor for THM,s.

- On Nov. 29, 1979, the trihalomethane
(THM) maximum contaminant level
(MCL)of 0.10 mg/L was promulgated by
the US Environmental Protection Agency
(USEPA).! This MCL was based pri-
marily on; technical feasibility, and the

USEPA has clearly indicated that it
intends to lower the MCL significantly.

On June 19, 1986, amendments to the
Safe Drinking Water Act were signed
into taw. In accordance with the time-
table set by Congress, the USEPA an.

——

WWARF Trihalomethang? Suryey .

1
: . |
nounged that it intends to set new MCLs
for disinfection. by-products, including
THMs, as part of the first group of 25
egulations due to be finalized by 1991.
‘This article presents the results of a
[Inational survey of THMs in drinking
“water and determines the extent and
costs of compliance with the existing
. THM regulation. This survey is expected
to form the basis for determining the
costs and feasibility of compliance by the
j industry with a new regulation.
The idea for the THM survey was
developed by a committee of the Associa-
!tion of Metropolitan Water Agencies.
The survey was carried out by the
Metropolitan Water District of Southern
California (Metropolitan} and Decision
Research, under. partial funding by a
contract with the AWWA Research.
Foundation (AWWARF).

Utility questionnaire

This study determined that nocompre-
hensive national THM data base was in
existence at the USEPA, AWWA, or any
other national organization. All primacy
agencies (states and the USEPA) have

%

' THM records for the water utilities

whose compliance they supervise, but
obtaining the data from files or from
noncompatible data bases was deemed

. aninefficient survey method. Moreover,

data available through such an approach
would not include the costs of reaching
the recorded THM foncentrations.
Because every wjter utility serving a
population of more than 10,000 people is
required to monitot for THMs, a ques-
tionnaire was designed and sent directly
to selected utilities, requesting informa-
‘ion on THMs and on meeting the THM

100 " W wasieum !
Mesn 1
" m Minimum .
{
H
=
Time—gqirriers i
Figure 1) Median levels of'jmaxirnum, mean, and minimum THM data, 1984-86
H
JANUARY 1988 !
]

] .
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regulation. The questionnaire was pre-
:pared by Decision Research in consulta-
tion with water utility experts as well as
USEPA representatives. In the final ver-
sion of the questionnaire, each respon-,
dent was asked:

(1) to provide water supply and treat-
ment information, including the utility's
source of water, number of treatment -

plants, treatment capacity, types and
dosages of chemicals used, type of
ownership, wholesale and retail popu-
lations served, amount of treated water
sold, and cost of water;

(2) to complete a log of quarterly total
THM concentrations (mean, maximum,
and minimum) from. 1984 through 1986
and to indicate whether or not a public
notification of violation of the THM
regulation was ever required;

(3) to state (a) whether treatment was
modified or supplies were changed to
meet the 0.10-mg/L MCL and (b) the cost
of meeting that regulation;

(4) to indicate whether the utility had
problems with taste and odor, corrosion,
color, microbiclogical quality, or biofilm
growth as a result of modifying treat-
ment to meet the 0.10-mg/L. MCL;

(5) toestimate both the capital and the
operating and maintenance costs of
meeting 50-, 25-, and 5-ug/L MCLs for
THMs, the method likely to be used to
meet these lower MCLs, and the basis
for the estimate;

{(6) to state an opinion as to whether
the MCL should be lowered to less than
0.10 mg/L;

(7) to answer a series of questions on
water system concentrations of trihale-
methane formation potential (THMFP),
bromide, tota] organic carbon (TOC),
color, total organic halogen (TOX), di-
haloacetonitrile (DHAN), and other dis-
infection by-products;

(8) to answer a series of questmns on
monthly turbidity averages for measure-
ment of filtration plant performance
(not reported in this article); and

(9) torespond to questions on whether
additional research was required on
treatment for THMs, analytical methods,
filtration research, or other topics.

Sampling procedures. The group sur-
veyed consisted of three samples selected
from water utilities serving more than
10,000 customers. (These utilities are
the only ones required to report THM
data.) According to the USEPA, there
are 3,081 utilities that serve more than
10,000 customers, with a total of 171
million people being served by these
systems.

First, all utilities serving ‘more than
50,000 customers were included in the

~ survey. Previously collected data'showed
that there were 600 such utilities in the
United States, serving approximately 57
percent of the population. Second, ap-
proximately half of the utilities servmg

THMI—ug/L

Figure 2. Median THM levels by source of supply : “

o

TABLE 1

Quarterly mean THM data for three ufiljty size categories by source of supply

Overall THM Mean—ug/L

Source of Supply 10, 000-25 000 25,000-50,000 >50,000
Rivers : © 80 - 56 49 |
Lakes 64 59 Cha !
Ground 1 21 20 . 22
Purchased 1 61 44 \ T 49
Mixed b .37 42 47

i

1y

between 25,000 and, 50
were surveyed. Of an estimated total of
700 such, utilities, reﬁresenting 5.3 per-
cent of the populdtion served, 318 were
sent surveys. These 318 utilities were

- chosen from the Federal Reporting Data

System (FRDS) through a computerized
random-selection process. Finally, about
20 percent, or 387, of the 1,750 systems
serving befweerf 10,000 and 25,000 cus-
tomers (2.4 percent of the population)
were chosen from the FRDS, again by
random selection. Overall, 1,255 eligible
utilities were sent questionnaires.

The questionnairesiwere addressed to

tHe water quality manager at each utility. -

Analysxso‘vt e returns, however, showed
that man¥ different :officials, ranging
from the general manager to the water
quality laboratory supervisor to the

" treatment plant operatof, actually com--

pleted the questionngjires.

Malling procedures. Altholigh the FRDS
data base contained the data classifica-
tlons of the three fystem. 51zes, the

3

customers -

i

mailing addresses given were not as
current as thofe on the AWWARF
mailing lists. THe AWWARF generated
mailing labels for all utilities in the three
size categories, which were then hand-
matched to the sample selected from the
FRDS list. For cases i which utilities’
names appeared on the FRDS list but not
on the AWWARE lists, new mailing
labels were prepared.

The u'ilities were sént either two or
three mailings. One week before the
questionnaires were matled, an oversized
postcard was sent via first-class mail to
the water guality manager at each
selected utility. The postcards were
mailed onJan, 6, 1987, and indicated that
acertified letter and questlonnalre would
soon follow. ! ; .

The questionnaires were mailed via
certified mail on Jan. 14, 1987. Each -
questionnaire and.-return envelope was
stamped with a nuymber code matched to
the master list. i:le packet included a |
cover lettér, the duestionnaire, and the

i

N
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j S ' percent, meaning that in 95 percent of all
: ' ; samples drawn from the same popu-
) ‘ lation, the findings would not differ
o TABLE 2 from the reported findings by more than
Treatment changes made by utilities to comply with 0.10-mg/L MCL 6 percent. The subsamples, however,
: = : : were much smaller, and a greater error
b i ! Number of Treatment Changes range occurred when the questions were
Treatment Change AWWARF Study TBS-MP* Estimate broken déwn by utili y size for more
Procedure modification = 104 _ detailed analysis. ‘
éﬁpr&e‘i‘?ﬁ&wgm ) 1;% Althoufh the authffrs are confident
ange chlorjhe dosage - : Cnolitan® ; H H
Changepoinlt}()f distatertion 150 that_Met' po!ltan S quéstionnaire review
Chloramines  » 100 91 resulted ih higher quality data, the data
Chlorine dioxjdg 26 .18 must still be viewed cautiously. “Impos-
Powdered activited carbon 25 9 sible” values outside the normal range .
gﬁféﬁ’;tit:oﬁg% S . .; % may have escaped detection if the ques- 4
Aeration A 9 4 tionnaire was otherwige fully completed, -
Install clarificafion 4 ‘1 A verly common erro was the respon-
Qzone _ ‘ 3 1 dent’§ failure to spec¥y whether treat.
Sranular ac“}*"?ed carbon e mentfprocedures had been changed to
Totl = | ! 543 _ 242 meet the 0.10-mg/L THM regulation.
1Y ] . - -
P 4 — " Many respondents (despite the instruc-
Ter!n?le, Barkﬁr & Sloane Inc, and Malcor: Pirnie Inc. tions) left blanks instead of circling the
i i “no” response. Thus, for analysis of the
. TABLE 3 question on treatment changes, the
i Capital costs of complying with the 0.10- mg/L MCL absence of any indication of change has
== = == been defined as a “no” answer rather
. Capital Cost—$ million : than as missing data.
Treatmgnt Change AWWARF Study TBS-MP Estimatet The survey results were also limited
Procedure moﬁjcatgon " 6.021 by t_he largq number of missin_g data
énl}prove (ﬂ? _uca;non é.g 5(1(2‘; entries, particularly for cost estimates,
atge c. orine dosage A agege .
Change poinfiof disinfection 0.7{67) In general, the lar.ger utilities provided
Chloramines - 8.8 (64) 8.781 ! | ~more comprehensive answers. The re-
Chlorine dioxid 0.4 (19) 2.069 + | - sults for many of the cost and expendi-
Powdered activated carbon 0.1(11) 0.814 : ture questions, therefore, were poten-
g]ftfé'r’:_“:tsetgoﬁﬁf& g gg gégg tially skewed toward the results provided
Aeration | 17:5) 9.717 by the larger utilities. «
glstall clarification ! zls.g gg g.;;g Errorg resultglng frc;mt };mssmg :}gta
zone K 7 : : were more problematic than sampling
8{;‘2:1“ activated carbon iy ((gi) | errors. For each group of different-sized
M| s nds | i, the eeponce iate and lage.
:l‘ilaz:mrg:lr:]::; ;;e‘parentheses is the number of utilities that provided cost data in this category of. Therefoire, the authors are confi dent
rg ' the gate of the water industry. The data

nunﬂbered, postpaid business reply en-

velope. The questionnaires were clearly
marked with a January 27 réturn date,

Questionnaire handliag, Returned ques-
tionnaires were logged by number code
to ensure anonymity and were then re-
viewed for completion. Open-ended
questions were coded for computer entry,
and a list of wholesale suppliers was
developed. Most questionnaire results
can be directly keypunched, but in the
case of the THM questionnaires this
was not possible, The questionnaire
instructions were not carefully followed,
and many of the returned quéstionnaires
included only partial data—or no data at
all—for everi the most, basic questions
(population served, total water sold,
namesof wholesale water suppliers, and
so forth). Because many utilities failed
to provide the data on population served,
their sizesgwerg determined from the
AWWARF 4nd FRDS lists.

All questionnaires containing unusual

data or mi,‘?sing important data were

turned over to Metropolitan’s Water

Quality Laboratory for review. Labora-

‘tory personnel either converted the non-

standard results to uniform scales or
called the respondent for further infor-
mation. Overall, only 29 percent of the
questionnaires could be entered into the
computer system without further fe-
view, whereas 71 percent required some
intervention.

Limitations of the survey, The sampling
and research procedures employed in
the survey were subject to the normal
statistical and nonstatistical errors of
survey research. Nonstatistical erfroi's
result from dishonest responses, tran-
scription errors, inconsistency between
expressed attitudes and actual behaviars
onopinion questions, and misunderstood
questions. , i

Normally, the sizes of the two sam-
ples—10,000-25,000 and, 25,000-50,000
customers (the more-than-50,000 csite-
gory is the population, not a sample)—
would provide an error range of +6

musy be interpreted cautiously, however,
becalise a lack of uniform standards of
reporting, recordkeeping, and technical
sophistication has raised concerns about
the overall data quality.

e questionnaire ' :
Because a new THM regulation could
possibly be applied to utilities serving

fewer than 10,000 customers, an attempt
was made to gather representative data
from the more than 55,000 water utilities
in this size category. A simple question-
nairg was sent toall states and territories
to dftermine whether THM monitoring
andfMCL compliance are required for
smafler utilities. The states were asked
to send summarized THM data, if avail-
able, on their smaller utilities.

Mail responses were received from a
majority of the states and territories.
Féllowup telephone.calls resulted in an
eventual 100-percent response from reg-
ulatory agencies in the states and terri-
tofies; The THM data received from the
states were reviewed for consistency

thatfhé data present a true picture of

JANUARY 1088

) |

I .
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TABLE 4 e
* Operaling and maintenance costs of complying with 0. 20-mg7L MCL

Operating and Maintenance Codt—$1,000
Treatment Change AWWARF Stidy . TBS-MP Estitnate*
Procedure modification : . s 16,08
Improve clarification , 2,600 (21)* : {
Change chlorine dosage 80 (42) ‘ i .
Change point of disinfection 130t (49) t »
Chloramines 1,300 (57) { - 5,018
Chlorine dioxide 1,200 (15) : W 1.694 '
Powdered activated carbon 85(14) . ¥ 1,934
Off-line storage 0.0 132
Alternate source 6(1) ‘ -~ 563
Aeration 110 (4) T 1,496
Install clarification 81 91
Ozone 27 () 197
Granular activated carbon : 270 (6) .
Other 2,500 (30)
Total 8,106 (241) - 17,158

*The number in patentheses is the number of utilities that provided cost data in this category of
treatment change.

tCost savings of $130,000
TABLE 5
Cost estimales for meeting future THM regulations* {
Operating and
Future MCL Capital Cost Maintenance Cost
pe’L N billion dollars N million dollars
50 316 1.3 268 . 89
25 310 1.7 .268 153
5 276 8.7 240 692

*Based on engineering study (2 percent), preliminary feasibility study (17 percent), educated guesses (57
percent), or wild guesses (23 percent)

[

—

TABLE 6
Comparison of resulls of national THM surveys
Number THMs—ug/L ,
Survey of Cities Mean Median i Range
NORS*t 80 68 i} i NDi-482
NOMS—phase 11§ 111 68 ND-457
NOMS—phase 2** 113 17 87 ND-784
NOMS—phase 3Dt 106 53 . 37 ND-295
NOMS—phash 3T+ 105 100 M ND-685
NOMS—all phases 105/113 84 56 ¢ ND-784
AWWARFf+4% 727 42 39 ND-360

*NORS-—National Organics Reconnaissance Survey : i

tSamples shipped and stored at 35-47°F (2-8°C) for one to two weeks prior tJ analysis
{ND—none detected (detection levels differed significantly among the three surveys)
§NOMS-—National Organic Monitoring Survey -, ' ;
**Samples stored at 68-77°F (20-25°C) for three to six weeks prior ¥ analysis‘

T1Sodium thiosulfate added . .

HSamples collected and analyzed in compliance with THM menitoring and analysis rggulations

TABLE 7 '
Sources of supply in national TH, SUrveys
Source Distribution—nxmber (bercent)

Source Type NORS MNOMS—Phase 2 AWWARF
Rivers, streams BED 60 (53) 137 (15)
Lakes, reservoirs 26 (33) 34 (30) 149 (16)
Ground 16 (20) 19017 24327
Mixed i 1] 254 (28)
Purchased . | 127 (14)
Total 80* (100) - §13{100) 910t (100)

*Population served—36 million people P
tPopulation served—105 million people retail; 42 milifon people wholesale

i {

¥
and completeness. Where possible, the
data were processgdl by a personal
computer using spréadsheet software.

Results of utility survey

Water sources and utility profiles. Water
systemg serving more than 10,000 cus-
tomers use a variety of sources of supply.
In this analysis, the predominant source
of supply was defined -as that which
provided at least 95 percént of a utility’s
water. Using the =95 percent criterion,
the water sources were flowing streams
for 15 percent of the utilities surveyed,
lakes and reservoirs for 16 percent, and
groundwater for 27 percent. In addition,
28 percent of the utilities received water
from a mixed source of supply (usually a
mixture of groundwater and surface
water), and 14 percent purchased virtu-
ally all of their water. The respondents’
data showed that flowing stream and
lake sources were used by a somewhat

-disproportionate number of the larger

systems; similarly, a disproportionate
number of the smaller systems used
groundwater. The finding that so many
utilities use diverse supply sources
complicates a rather simple picture pre-
viously lprese’nte'd by the USEPA, in
which water supply sources were simply
divided inte three categories: flowing
streams, lakes, and groundwater, The
survey results also showed 11 percent of
the responding utilities to be privately
owned and 89 percent to be publicly held
or government-owned.

Although there was a strong correla-
tion between the size categories derived
from the FRDS and AWWARF mailing

" lists and the size catggories reported in

the survey, some utilities reported serv-
ing more ar fewer retail cistomers than
the data bases indicated. Some of these
differences may have resulved from

. respendents indicating numbers of

meters or. connections rather than the
requested totals df people served. The
median population served was 50,000,
but the mean number of retail customers
was 126,§0. According to the respon-
dents’ datd, the retail population covered
by the sample was 105 million people, or
about 67 percent of the 171 million
people served by large water systems.

The numbers of wholesale ¢ustomers
served ranged from 0 to 13 million.
Because thete may be some overlap with
retzil customery, it was not feasible to
add the total number of wholesale
customers (42 million) to the retail cus-
tomer total to provide an overall total of
the population covered.by this survey.
Most utilities provided information on
the total amount of water sold, which
ranged from 1 to 480,000 mil gal (3.8 to
1.8 X 108 M1 per year.

As a partial check of the respondents’
calculations of total water sold and popu-
lation served, the daily per-capita usage

64 RESEARCH AND TECHNOLOGY
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was calculated. ’f‘he tnedian per-capita_

usage was found to be 186 gal (514 L)
daily, with 2 mean of 286 gal (1,082 L)
daily. These data are consistent with
other reported data on average daily
usage nationwide,2 -

Water. colt data provided by the
respondents !}:Ias also viewed cautiously
because man¥ utilities cited the costs of
water treatrient rather than the selling
price of the jwater. This question was
obviously misunderstood by some utili-
ties, as 10 re§ondents indicated that the
cost of water was $0.01 (or less)/1,000
gal. Nonethéless, the median cost re-
ported was $0.65/1,000 gal, and the mean
gal; both of these values
are somewhft low but nonetheless rea-
sonable conlpared with other national
estimates. .

Water wt. Chlorine remains the
most common disinfectant among water

utilities; it i§ used by about 85 percentof '

theflowing $tream and lake systems and
by about 80ipercent of the groundwater
systems. (Systems that purchase their
water, however, often do not chlorinate;
only bout§|22 percent reported that
chlorine w3s used.) Chlorine "dosages
depended onithe primary source of supply
and.the size'of the system. The median
was about %3 mg/L for flowing stream
systems, 2.2img/L for lake systems, 1.2
mg/L for gr undwater systems, and 1.0
mg/L for rﬂixed-suppfy‘ systems and
watér purchasers. The lowest dosage
reported waﬁs 0.1 mg/L, and the highest
was >20 mg/L. ! .
Chloramines were used by about 25
percent of the flowing stream systemb
and‘the larger lake systems but by only
13 percent of the smaller lake systems.
Chloramines werg rarely used by ground-
water systems, mixed systems, or water
purghasers. Typical dosages for flowing
strgam systems were approximately 2.7
mgil, compared with 1.5 mg/L for lake

systems. i

Relatively few other disinf‘ectant%"\vere :

used by thewater suppliers; Only about
10 percent of the flowing stream systems
and about 5 pércent of the lake and
reservoir systems reported using chlo-
rine dioxide. The lake and stream sys-
tems that used chlorine dioxide served
more than 25,000 customers, The typical
chlorine dioxide dosage ranged from 0.6
mg/L for the flowing stream systems to
1.0 mg/L for the lake systems. No
groundwater systems used chlorine
dioxide. Only one utility reported using
ozone. Other oxidants were used by
about 10-20 percent of the flowing
stream and lake systems but by very few
of the groundwater systems. Typical
dosages were 0.5 mg/L for lake systems
and 1.0 mg/L for groundwater systems
using ath?jol;cidants. The most common
“other” oxlidant, by far, was potassium
per-mangaﬁate, although a few utilities
L

listed various miscellaneous chemicals,
some of which were not oxidants,

A detailed discussion of the water.

treatment practices of survey respon-
dents is presented in the full report on
this project.3

Purchased water. In the sample of utili-
ties serving 10,000 or more customers,
245 (27 percent) reported purchasing at
least some of their water. This includes
12 percent of the systems supplying
more than 50,000 retail customers. But
only a few utilities were mentioned more
than once as wholesale agencies. Among
those providing water to a substantial
number of utilities were the Metropalitan
Water District of Southern California,
the Massachusetts Water Resources
Authdrity, and Elizabethtown Water;
and the cities of San Francisco, Calif.;
Detroit, Mich.; New York, N.Y.; Chicago,
IIi.; Seattle, Wash.; and Cleveland, Ohio,
Some utilities also reported receiving
water from secondary wholesalers. For
example, some Orange County and San
Diego County, Calif., utilities reported
their wholesaler as the Municipal Water
District of Orange County and the San
Diego County Water Authority, respec-

tively, both of which are subsidiaries of

Metropolitan. ‘ :
THM data. Of the 910 responding utili-
ties, 727 reported THM data for one or

more quarterly periods, although many -

reported only the average (mean) quar-
terly readings rather than the maximum,
minimum, and mean levelg requested in
the questionnaire. Many of the returfed
questionnaires from which significant
data were missing came from respon-
dents who purchased water: they stated
that the wholesaler was responsible for
measuring and recording THM data.
Data were also missing from the surveys
returned by the smaller utilities and.by

- utilities that had misplaced their records

or claimed exemptions from reporting
requirements. .

The THM data should be treated with
some caution because all questionnaire
responses marked “beneath detection
level” or specifying a “less than" level
were entered as 0(zero) THMs, resulting
in calculation of means that were prob-
ably somewhat lower than is actually
the case. .

Overall THM levels since 1984 have
been steady, reflectinga relatively stable
national THM picture since 1979, when
the THM regulation was promulgated.
Figure 1 shows that considerable quar-
terly fluctuations occurred over the last
three years. First-quarter mean THM
levels had a median of approximately 30
ug/L for all utilities, second-quarter

medians of the means were approxi- .

mately 40 pg/L, third-quarter medians
were about 44 ug/L, and fourth-quarter
medians were approximately 36 g/l
over the three-year period, This quarterly

-
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variation may bea result of temperature
effects, as higher summer water tem-
peratures encourage the formation of
high THM levels in distribution systems, -
The reported THM levels vary sub-
stantially according to the water source
(Figure 2). Groundwater systems have a
consistently low reported median mean
THM fevel of aroupd 10 #g/L but also
have the highest faximum means as
well 45 the loweg minimum means,
indicating a wide rdnge of THM levels.
With some exceptions, the data also
showed that among utilities relying on
river or lake sources or purchasing most
of their water supply, the smaller utilities
tend to have highed THM levels than the
lagger utilities. THis unexpected result
is fllustrated in T4ble 1, which demon-
st¥ates that, except for groundwater and

. mixed systems, utilities in the 10,000~

25,000-customer ca tegory generally had
the highest THM concentrations, This
finding'may be because larger systems
have the resources and personnel to
optitnize their treatment and operations
50 as to minimize THM concentrations,
Thirty-eight (4.6 percent) utilities
reported being required tomake a public
notification that they had violated the
0.10-mg/L THM MCL during 1984-86,
with most of those violating the regu- .
lation only once. Five utilities reported
making public notifications from six to
twelve times during the three-year pe-
riod. Although the number of utilities
reporting public notifications is consis-
tent with data from the FRDS, it is
possible that utilities that did not respond
to the questionnairg were those that
have had problems with THMs. . :
Data on other disinfection by-prod-
ucts—for example, DHAN, dichloroacetic
acid {DCAA), trichloroacetic acid
AFCAA), chloropicrin—in water utility
s¥stems were largely unavailable from
the ‘respondents. Because the USEPA
has stated that it intends to regulate
these other disinfection by-products,
water utilities should begin developing
fie appropriate analytical methods and
llecting the necessary data from their
stems, : : :
Meeting the regulation. Many US water
utilities had to change their treatment
ethods in order to comply with the
3:1 10-mg/L MCL. The cost data should be
interpreted cautiously, as a number of
the utilities .reporting changed proce-
res did not report capital costs for
ese changes. Nevertheless, the re-
thrned surveys provided a total of 268
data points on capital expenditures for -
the 543 reported treatment changes made
to comply with the THM regulation.
Table2 shows that the majority of the
543 treatment changes took the form of
modifications to existing clarification °

« and disinfection procedures. A large
Anumber of utilities (100) changed to

!
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chloramines as the primary method of
disinfection. The 543 treatment changes
reflect more than one change per re.
spondent, as 225 utilities reported
changed treatment procedures. The dis-
tribution of treatment changes predicted
in a 1981 study+ closely correlates with
the actual distribution determined in
this study.

Tables 3and 4 show the reported costs
tothe 268 and 241 utilities that provided
data on the capital costs and the oper-
ating and maintenance (O&M) costs,
respectively, of complying with the THM
regulation. As might be expected, actual
costs savings were reported by utilities
that altered their disinfection practices.
Extrapolating the costs reported in this

survey to the total of 171 million peopie |

served by all the utilities that deliver
water to more than 10,000 customers
results in a range of capital costs of
$31-102 million and a range of annual
&M costs of $8-29 miilion. Both ranges
bracket the estimates of $47 million
capital and $17 million O&M costs that
were developed in 1981 using predjcted
1985 dollars.+ a
problems. Of the 225 utiljties
reporting changes in treatment proce-
dures, a significant percentage indicated
that secondary problems subsequently
developed. The percentages of utilities
reporting problems in the areag of taste
and odor, microbiological quality, corro-
sion, biofiimlgrowth, and color were 39,
23, 16, 15, and 12 percent, respectively.
Major problems in ail categories were
reported by 4 percent or less. That these
types of secondary problems should
accormnpany any change in treatment
. technology is not surprising, but they
were unanticipated by many utilities.

Lowering the MCL. Survey respondents
were asked (1) to estimate the capital
and O&M costs of lowering the THM
regulation to three different levels and
(Z}toindicate what methods would likely
be used to meet those standards. In
addition, they were asked to indicate the
basis for their estimates and to give an
opinion on the need for lower THM
standards. Table 5indicates that billions
of dollars in capital costs and hundreds
of millions of dollars in O&M costs can
be expected to be incurred in meeting

‘future regulations. Several dozen proce-
dures were anticipated by the utilities to
meet future THM regulations, including
treatment processes such as ozone or
granular activated carbon,

Responses to the questions about
lowering the MCL were not completed
by all the utilities surveyed, nor did they
represent firm estimates rooted in de-
tailed engineering studies; rather, the

responses received were largely educated .

guesses about the costs of meeting
lowered standards. The relatively low
response {about’30 percent) to the cost
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estimate section of the questjonnaire
suggests that manyawvater quat_ity mana-
gers (and presumabyy gaiernment regu-
lators) have no realistic idea of the costs i
to be expected. Fifty-seven percent of the
respondents indicatedtht their estimate
was an “educated” glfss; 33 percent .
called it a “wild"guess’ nly. 17 percent
had prepared a pz'éi—iminarw}easibi]ity
study, and only ercent Had done a
detailed engirreering tody. Clearly, fur-
ther detailed andlysié:would be required
to develop firm cost dafs. .~
Water quality managers dompleting
the questionnaire were Zenerally (about
75 percent) opposed to lowering the MCL,
indicating that they believed that there

was no health risk and that the costs
were not worth the benefits. The USEPA
estimates of the toxicity of THMSs were

ndrally considered erroneous, and
lowering the MCL was seen as an over-
reaction to questionable data.

Approximately 18 percent favored
lowering the MCL to technically feasible
levels because of expected health bene-
fits. The remaining 7 percent provided
neutral answers, usually stating that
‘more study was needed,

Survey comparisons. Tabie 6 compares
the AWWARF survey resuits wﬁh those
of two previous surveys by the USEPA:
the National Organics Reconnaissance
§urvey (NORS)in 1975and the N ational
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utilities could not meet an MCL of 50
: pg/L. Similarly, 60 and 82 percent of the
_ 5 utilities could not meet MCLs of 25 and5
i : #8/L, respectively. Thefull reports shows

. how the percentage of utilities failing a
stricter THM regulation would Tise if
J i ) quarterly maximum THM data were
| : used. The value of 3 percent for utilities
[ failing;to meet a 0. 0-mg/L MCL com-

, ’ pares favorably with the number of
i TABLE 8 ' utilitigs reporti i i
: - , o . : ortingga previou 1
THAM: jtmzl‘ong' required by sigles for utilities serving fewer than 1 0,000 people notifi tionlz38 uti%i iespor 46 pir(l:)el:'}; ::é :
State : Monitoring Conditions the total of 821 utilities that responded
Michigan 4 State monitors surface water supplies as well as those utilities at which there isa to this ‘quesnon)'
i specific reason to believe THM levels are greater than 0.10 mg/L. .
New Hampshitr;e State monitors all systems on an irregular schedule. Results of state survey . //
New York | State monitors surface water supplies enly. Frequency is one sample perquarter per iahs \ -
“ system and can be reduced if running annual average is léss than 75 rg/L. H Onlyh_fouli; St%t i (M&Chlgani Ne“{
Rhode Jslang 9 State monitors, on a quarterly basis, all systems that disinfect. mpshire, New »and Rhode S]and)

requir® that utilitids serving fewer than
- 104000 customers monitor for THMs or

!

. 1;]

. [
A . . |
7
v

Organic Monitoring Survey (NOMS) in
1976-77.57 Comparing the AWWARF
overall THM average of 42 pg/L with the
averages of the NORS and NOMS (all
phases) shows a 40-50 percent réduction
in national THM concentrations as a
result of compliance with the THM
regulation.i . B

"Fable 7 compares the sources of supply
for the NORS, NOMS, and AWWARF
THM surveys. Overall, the NORS and
NOMS sources: were very similar. The
AWWAREF disttibution, of source types
more clearly reflects the variety of
sources agtually in use in the United
States. T?e THM data compared in

Figure 2 indicate that the “mixed-source”

and “purchased" categories appear, with
respect to THMs, similar to the “surface
supplies” category. In general, there are
no substantial differences among the
surveys that would cause problems in
comparing their THM data.

Figure 3 is a log-log frequency dis-
tribution graph of the THM data repre-
sented in Table 6. For utilities with

.THMs of 50ug/L and lower, the occur-

rence of THMs is abdut the same for al}
three surveys. Compliance with the THM
regulation, however, has clearly reduc

the higher concentrations of THMs fourid -

by NORS and NOMS.
Figure 4, which was derived from

Figure3, indicates that 26 percent of the .
: 4

1

E : that the states do the monitoring (Table
! L TABLES . ~ 8). Only New York requires smailer
i i Results of AWWARF state THM survey 1 utilities to comply with a 0.10-mg/L
7 T Paramet Se s oS = MCL. Twenty-four states responded that
j_Tarameter e Survey Total THM data were available for the smaller
Number of utjlities serving <10,000 people 677 55,449 utilities, but Table 9 shows that usable
gﬂﬁﬁ?ﬂ :tgﬁee;i—mzlfton lé-ﬁ g data were réceived from only 12 states,
- — . Table 9 also shows that the number of
j p utilities (677) for which THM data were
o i . received represents only a small per-
: f centage of the total number serving
g : i TABLE 10 - fewer than 10,000 customers.
A THM data for utilities serving fewer than 10,000 people ’ Table 10 summarizes 2,594 THM data *
i Number - points for the 12 states reporting usable
o A Number of Data THMg—pg/L  : data for the smaller utilities. Some of
. State of Cities Population Points Mean Range ! these data come from special studies of
Alaska ’ g1 24,304 119 21 ND*-184 small systems.89 The low THM results
;llinois ?:' ?;’ : 185.332 : gg 56 9]51842 : from Wisconsin, with 204 cities samplgtd, ‘
owa i ’ 44 155 ND-262 * appear-to affect the overall statistics
ﬂd{f‘c"g'i'a“d ; - 2. 48204 126 29 2104 markedly. Figure 5 shows that the data
gan . 14 78:454 408 78 23-189 i i
Montana _ g 32,801 0 29 ND-34 - from Table 10 are not representative of
NewYork + |1 236 | 609,500 900 49 4-308 the NORS and NOMS data, nor are these'
Perinsylvanix 8 24,438 15 32 4-63 . data representative of the AWWARF
gg‘f; és;f,‘;? na § ;f) gg:ﬂg 6;; 1?)':' 1\;5)_—311? i utiiity;survey data in Figure 3. Thislack -
w%t Virginia 8 41,048 48 53 33-80 opagreement may be a result of nonrep-
Wiconsin 204 - 435,035 204 2 ND-42 ‘rgsentative data in this survey or the
Tofal . 677 | 1,616,188 2594 t ND-313 ssibility that smalier systems use
*NB—none detected I ' seurces that are generally lower in THM
tMean—36; median—18 2 precursors. Removing the Wisconsin

data improves agreement with NORS
and NOMS, but significant differences
ill exist. More THM data on smaller
tilities are needed to construct a repre-
ntative picture of how a more restric-
tive, more widely applicable THM regu-
lation would affect those utilities.

gummary amd conclusions

® The AWWARF THM survey was
signed and’ executed to obtain repre-
ntative data on compliance with the
HM regulation. A very high percentage
(13 percent) of the questionnaires was
returned. When both the retail and
wholesale populations served by the
questionnaire respondents are taken into
consideration, more than 67 percent of
the population represented by water
utilities serving more than 10,000 cus-
tomers is reflected in the survey resuits.
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Figure 5. Frequency distributions of NORS, NOMS, and AWWAREF data from
surveys of smaller utilities ;

® On the average, enactment of the
THM regulation resulted in a 40-50
percent reduction in the concentrations
of THMs in larger utility systems.
. Thirty-eight, or about 4.6 percent, of the
responding utilities exceeded the MCL
at least once during the period 1984-86.

® Compliance with the 0.10-mg/L
THM regulation resulted in estimated
- capital expenditures of $31-102 million
and yearly O&M costs of $8-29 million.

® The quality of the questionnaire
responses was highly variable. Only 29
percent of the questionnaires could be
processed without some type of special
handling. A review of the ¢juestionnaires
* showed that a significant number of key
employees of water utilities had little
understanding of water quality issues in
. general or of THMs in particular,

® Some 75 percent of the water quality
managers believed USEPA should not
lower the MCL below 0.10 mg/L.

® Although compliance with the 0,10-

mg/L MCL was not particularly costly-

for water utilities, lowering the MCL
significantly below 50 ug/L would cause
massive numbers of utilities to exceed
the MCL and would require billions of

dollars of capital expenditures tosbring -

those dtilities into compliance,
® The preceding conclusions, coupled
with the lack of understanding of the

68 ~ RESEARCH AND TECHNOLOGY

.concentrations

issues demonstrated 1by water ufility
personnel, suggest that thé USEPA wiil
have a difficult tim{ eliciting compliance
witha new, significantly moret,tringent
THM regulation. , !

® Because the cost data obthined are
80 uncertain, a detailed economic impact
analysis is needed to determine the ex-
pected costs to water utilities of ‘compli-
ance with a stricter THM regulation,

® Only four states require that smaller
utilities monitor for THMs. The limited
THM data gathered from state records

indicate that these data for smallsystems .

are not consistent with pre-THM-regula-
tion data (NOR%;:n NOMS) for larger
utilities. Not endiigh 8ata were available .
to determine Swﬁéthe this lack of cbn- ¥
sistency was causeq by honrepresenta-
tive data in t_i_hes‘a:ile used of by the
possibility tiat srfiller /systems use
water sources that dre ggherally lower
in THM precursofs,i.e., droundwater.
~ ® More data 8fe needed before THM
ridmaller US utilities
can be detenﬁifrfed&@nl’y then will it be
possible to determine thegpotential im-
pacts of a stricter, more widely applicable

THM regulation.
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The O¢currence @ |

% of Di§inféction By-produéts"

in US Drinking Water .

. Stuart W. Krasner, Michael J. McGuire, Joseph G. Jacangelo,
Fatania, Kevin M. Reagan, and E. Marco Aieta

% ‘l'st:':.c ? lb
PHOTOS 8Y RICHARD RAVENSTINE _
¢ Datawere gathered on the presence_d"fdisinfection by-products (DBPs) in drinking water and picrin (CHP); chloral hydrate (CH);
- on the impact of treatment processes on DBP formation and control, Thirty-five water cyanogen chloride {(CNCIY; 2.4,6-trichlo-
treatment facilities were selected to provide a broad range of source water qualities and  rophenol; formaldehyde: and acetalde-
treatment processes. Trihalometharﬁ‘gs were the largest class of DBPs detected (on a weight hyde (Figure 1). This article focuses on
basis) in this study, with haloaceti}; acids being the next most significant DBP fraction. some of the significant preliminary
. Formaldehyde and acetaldehyde, by-products of ozonation, were also demonstrated to be  findings of these DBP studies, .
P producegl by chlorination, Cyam‘)gefhi" chloride was f‘ound to be preferentially produced in Experimental proéedures , ) )
.chloraminated water, I . ] ) 0‘
i ; The sampling and analytical profe-
‘The US Environmental Pritection of this project, baseline data were gath-  dures utilized in these studies are de-
Agency (USEPA) will be deveéloping ered on all 35 water utilities. The DBPs  scribed in detail elsewhere. Grab samples ;
regulations to control disinfection by- under investigation included THMs; (Table 1) were collected at clearwell
products (DBPs) as a result'of the 1986  haloacetonitriles (HANs); haloketones effluents (after final disinfection but } )
amendments to the Safe Drinkihg Water  (HKs); haloacetic.acids (HAAs); chloro-  prior to distribution). Total organic c‘r-"
Act (SDWA). Under these amendments, - ' | :
the USEPA is required to develop a ‘ Trhatomethanes Haloacatanttiles
priority list of chemicals that may be e e o Br a e Br Br
present in drinking water. Included on! c-[_,';_,. ClaCon  BrSGaH Bt oW lo-cocin GI-€~CIN CI-G-CIN Br- C-CEN
{ thelistaretrihalomethanes {THMs)and' | | | . L . I ; e
{ other DBPs.! If the provisions of the! e . ‘ ,
SDWA are to be met by the beginningof | Sherem Dietlorstromo.  pibromochioro- scatontile  sovioninie veeemor Do
1991, the presen(ﬁa and conirol of these .
i DBPs must be fully understbod, In Sep- rokato aclemeous
| tember 1987, the USEPA’s Gifice: of e a Mot
¢ Drinking Water entered into a toopera-!: Vo VoW i o _
{ tive agreement with the Association of } c;'f'c'? T mseeemgon “e{-N%  G-c-c-oM o -csN
~ Metropolitan Water Agencies (AMWA) Mo M o w - o e on
to perform a study of the occurrence and: 1.1-Dichios o 12T o Chiorogicr Chiorat hydrate Cyanogen
control of DBPs. The AMWA contracted: | - (irichloraniitemethane) ehlortda
with the Metropolitan Water District of
Southern California (MWD) to provide ‘ : Haloscetic aclds
managfement Is‘;ervices fort?eprdjﬁt énd . l!: F - - -
to perform the DBP analyses. Mefro- 1. [ I n 1on L e
politan subcontracted with JamesM, | "7¢7¢~oM " @=g-c-on  ci-c-c-ou RTgTem o N
. Montgomery Consulting Engineers Inc. " " ¢ H " =
- to provide engineering services: and Mon o Trichh Dl
" some analyses for the study. In additq n, ;o s e b "“\:
the State of California Department of ; '
.. Health Services (CDHS), through he T ;
* California Public Health Foundation ' ( Grhorophemole Adatyden
{CPHF}, contracted with MWD dnd ° [ o . M HOH
" James M. Montgomery to perforr a o Q— on? Wh o Wi i,
. similar study in California. ' ' - -
. The USEPA study included 25 wilter @ ’
; utilities across the United 'States‘}' nd 244-Trichiorophensi Formaidenyde Acetaidenyde
 the CDHS study involved 10 water l:ﬁ;;lr Figwre 1. Structural formulas for DBPs

AUGUST 1989

ties in California. During tt?e firsy
!

-
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TABLE 1
Contlents of sampling kit
Analytical Number and Size Dechlorination Agent,
Fraction of Sample Botties or Preservative* ~
Plant influent sample bottles : '
Formaldehyde/acetaldehyde 3,40 mL None; HeCl2 solution + NH4C1 crystalst
Bromide/chloride . 1, 60 mL None e
TOC/UY 3,60mL None*
Filter influent sample bottles
TOC/UV 3. 60mL None*
Clearwell efftuent sample hattles
PE-DBPs} 3,40 mL 65 mg NH4Cl crystals
CH 3. 40 mL 20 mg ascorbic acid
HAAs§ 4, 40 ml, 65 myg NH4Cl crystals
CNCI1 4, 40 mkE. 20 mg ascorbic acid
Formaldehyde/acetaldehyde 3,40 mL None; HgClz solution + NH,Cl erystalst
TOX 2,250 mL None* -
TOC/UV 3,60mL None*
Additional hottles in kit .
Travel blank—NH,Cl 2,40 mL 65 mg NH4Cl crystals
Travel blank~ascorbic acid 2,40 mL 20 mg ascorbic acid
Travel blank—formaldehyde 2, 40 miL None; HgClz solution + NH4Cl crystalst

¥No dechlorination agent and
during fourth sampling quarter.

"§lIncludes 2,4,6-trichlorophenol

*For the following analytical fractions, additional r
possible after receipt at MWD: TOC/UV—acidify
pH < 2;, TOX~dechlorinate and acidify, respectiv
and three drops (utilizing a 3.5-in. pasteur pipette) of a fresh saturated sodium sulfite solution,

preservative were used during second and third sampling quarters;
40 uL of 2 10-mg/mL mercuric chloride solution plus 65 mg ammonium chloride crystals were used

IPE-DBPs (pantane-extractable disinfection b

eagents were added after sampling as soon as
with reagent-grade phosphoric acid to .
ely, by adding 0.5 mL of 50 percent sulfuric acid

y-products) are THMs,

HANSs, HKs. and CHP.

TABLE 2
Sample holding limes
Analytical Sample Holding Extract Holding
Fraction Limit Limit
PE-DBPs Extract immediately 2 weeks N
CH' 21 days 15 days
HAAs 9days 7 days
CNCI Analyze immediately Not applicable
Formaldehyde/acetaldehyde Extract immediately
TOX 2 weaks Not applicable
TOC/UY 28 days Not applicable
Bromide/chloride 28 days Not applicable
i
’ T5th parcantiie—
——» —_— T5 parcent ol the dola are less than
ar equad 1o this value
i
i
Median—
Interquertile range— A s‘rle’::mr:tlm I’I':I?::I:':llue
containg the data between g -
the 25th and 75th percentlies
25th percenlile—
S —_

25 porcent of the data are less Jhan
~or equal to this value 1

Figure 2. Guide to bar chart presentation

using median and percentiles
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Gas chromatography was used by chemists
at MWD for the analysis of disinfection
by-products, including trikalomethanes,
halogeetonitriles, haloketones, halogcetic
acids, chlovopicrin, chloval hydrate,
cyanogen duloride, formaldehyde,
aceta!dehybe, and 2,4, 6-trichlorophenol,

bon (TOC) analyses of the plantinfluent
and filter influent were performed,
_starting with the second sampling
quarter. Alsostarting with that quarter,
§ ultgaviolet (UV) absorbance was mea-
,sured at all three sampling points, the
bromide and chloride levels of plant
influents were determined, and form-
aldehyde and acetaldepyde analyses were
made of the clearwell effluents. Some
pigut influents were analyzed for these
aldghydes during the third sampling
quagter; all plant inflients were analyzed
- tor aldehydes during the fourth sampling
quarter. Samples were dechlorinated,
préserved (Table 1), and analyzed as
soon as possible within established
holding times (Table 2). The dechlorina-
tion agents and preservatives for the
DBP fractions were evaluated in holding
studies to ensure that analyte concen-
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trations held to.iZO percent of their
initial values. Total organic halide (TOX)
samples were dechlorinated with a
sodium sulfite solution. Because sam-
pling kits were prepared and shipped to
field locations at least two weeks prior to
sampling, the instability of the dgchlo-
rination ‘solution required that {TOX
samples be dechlorinated and preserved
upon receipt at the laboratory.

A method that employed mogiiﬁed
THM liquid-liquid extraction (LLE) was
developed for the analysis of THMs,
HANs, HKs, and CHP.? For this analyt-
ical fraction, pentane was uséd as the
extraction solvent, sodium sulfatd was
added to imprdve the partitioning ¥rom
the aqueous plase to the solvent, and a
capillary gas Rhromatograph-electron
capture detectdy (GC-ECD) was utilized

.for adequate resolution of the analytes.

The more polar chloral hydrate required
a similar LLE method, but methyl f-
butyl ether was used as the extraction
solvent.® Haloacetic acids and 24,6
trichlorophenol were analyzed by an
acidic, salted ether LLE, and they
required esterification with diazometh-
ane prior to GC-ECD analysis.* CNCI
was analyzed by a purge-and-trap gas
chromatograph-mass spectrometery GC-
MS) method.®

Formaldehyde and acetaldehyde were
analyzed by a derivatization-extractibn
GC-ECD method. First, 20 mL of sample
was transferred into a 30-mL vial. Then
1 mL of a freshly prepared 2 /mL
solution of 0-(2,3,4,5,6-pentafllicko-
benzyl) hydroxylamine hydrochlorfde
(PFBOA)* was added to each sample and
swirled, After being held for 2 h (+5
min), each sample was quenched by
adding 0.05 mL of concentrated sulfuric
acid and swirling. The sample was ex-
tracted with 4 mL of pentane, shaken for
5 min, and then ailowed to stand for 5
min to separate the layers, The pentane
extract was transferred to two 1.5-mL
vials and stored at 4°C until it was ready
for GC analysis (Table 3).

After receipt of the samples at Metro-
politan's laboratory, the TOC samples
were acidified with reagent-grade phos-
phoric acid to a pH of <2, This preserva-
tion technique was also used on the UV
samples, UV absorbance was measured
at 254 nm with a UV-¥isible spect
photometer* and a 1-cm duartz cell. The
UV was also measured{at 800 nm ko
provide d correction for the presence bf
turbidity or suspended golids. Because
some plant effluent samples were chlor-
aminated, monochloramihe—which has
UV absorbance at 243 nm-—could haye
presented an interference problegh.
However, the acid preskrvation converthd
monochloramine to dfchloramine in ap-
proximately 2 h. The fatter species has a
UV peak at 293 nm, so it did not present

*Aidrich Chemical Co. inc., Milwauker, Wis,
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Column femperature program

Column carrier gas

Detector!

Detector' makeup flow

Autosamplerf parameters
Purge pulse pressure

Nquer of purge pulses

: TABLE 3
Gas chromatograph* parameters for formaldehyde and acetaldehyde
Parameter ’ Value
Sample size 2ul :
Injector 150°C; splitiess; split open at (.5 min .
GC column Durabond-5t fused silica capillary; 30-m %0.25-mm ID,

L.0-um film thickness
50°C, 1.0 min — 8°C/min — 122°C, 7 min — 30°C/min — 245°C,
2 min
- Helium at 1.5 mL/min; measured at 25°C
Electron capture with Ni-63 at 272°C
Nitrogen at 24 mL/min

55 psi
1

tJ&W Scientific, Folsom, Calif.

wrF

wr ]
1
200 I: i
: USEPA/CDHE
1 DBP survey
K Maans of 4 quarters
w - (p =238 5
W
s
!
= r !
]
20

*Models 3400 and 3500, Varian Instrument Group, Sunnyvale, Calif,

1Model ;F035. Varian, Los Altos, Calif.
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an interference problem. Toevaluate the

effect of the phosphoric acid on the UV )

results, some parallel unpreserved ef-
flugnt samples were also analyzed; these
yielded results comparable to those of
the acidified samples.

. Bromide and chloride were analyzed
with an ion.chromatograph,t a 20- or
50-xL sample loop, a high-performance
ion chromatography analytical column,t
an anion micromembrane suppressor,
and a conductivity detector. The eluant
was a solution of 2 mM NayCO; and 1

Resuits and discussion

Statistical analysis. The data from these
studies were evaluated based on a
comparison of parametric and nonpara-
metric analyses. Parametric analyses
assjume a statistical distribution of data
(e.g., Gaussian), whereas nonparametric
analyses do not. In parametric analyses,
an arithmetic mean or average value can
be talculated for a set of data that
follows a normal distribution. However,
if the data include levels of compounds
that are too low to beimeasured precisely,
such results are often reported as “‘not
detected”” (ND). Unfortunately, statisti-
q@l handling of the NDs, e.g., setting at
zero of the minimum reporting level
(MRL), can generate misleading infor-
mation." However, in nonparametric
analyses, a median can be calculated so
that there is an even number of observa-
tions above and below it, regardless of
the presence of ND values. Also, because
DBP classes and individual DBPs were
found torepresent a variety of statistical
distributions, the presentation of data
for this article and for the study is based
on nonparametric analyses.

Figure 2 provides a guide to the man-
ner in which the nonparametric analyses
are presented. For most data presented
here, medians and upper and 'lower
quartiles were employed. The median
represents the value above or below
which 50 percent of the data are found,
The 75t§1 and 25th percentiles represent
the valyes below which 75 and 25 per-
cent, respectively, of the data are found.

For the presentation and interpreta-
tion of some of the Hata, another non-
parametric analysis was employed. The
results are presented by means of notched
box-and-visker plots (Figure 3).6 This
type of presentation conveys to the reader
much more information than the sim-
plified median and quartile presentation
discussed previously. In addition to
tiedians and perdentiles, minimum,
Raximum, and outlier values are shown.
so, the 95 percent confidence interyal

‘f@kthe median and an indication of the -

tnple size are given. It should be noted
that the calculations for the medians,
quartiles, and 95 percent confidence
interval included outlier values.

Utility selection. To ensure that the

JOURNAL AWWA

Page 36 of 45




Case 4:05-cv-00329-GKF-PJC Document 2266-2 Filed in USDC ND/OK on 06/19/2009

i

results of these studjes, as well as the !

DBP control measures practiced by the
selected utilities, were representative, a

- matrix for utility seldction was con-| -
- structed based on four-parameters: (1)

-type of source water ((lake-reservoir,
flowing stream, or groundyater); @)
treatment {ype (conventional, direct fil-
tration, softening, or disinfection only);

*(3) three-year average THM le}el (<25,
25-50, or >50 ug/L);7 and (4) population
(=50,000 or >50,000). An attempt was
made to include at least one tility in
each category of the matrix. C nsidera-
tion was also given to geographiclocation
(to include a nationwide represen;gﬁion)
and the type of disinfectant or disin-
fectants in use (free chlorine, chlor-
amines, chlorine dioxide, or ozone);

Baseline analyses were perform%d on
aquarterly basis for the gpring, sumimer,
and fall of 1988 and the winter of J980.
The median total THM (TTHM) values
for these four quarters were 34, 44, 40,

and 30 ug/L, respectively. Theseidata

were compared with the THM values
obtained in a survey of 727 utilities
nationwide conducted for the AWWA
Research Foundatjon (AWWARf) in
1987.7 The median TTHM concentra-
tions in the AWWARF survey fgr the
spring, summer, fall, and winter seagons
were 40, 44, 36, and 30 pg/L, ri':;s'pec-

- tively, (The AWWARF survey reflected
', more than 67 percent of the popugl-ation

represented by water utilities sgrving

more than 10,000 customers.)  /
Because of the similarity of TTHM
levels for the DBP studies dnd -the

. AWWARF survey, the data were evaluy’

- ated further. The THM regulation
" examines the running annual average

i were computed for each of t

for each utility;® therefore, ml%m values !

|

- AWWAREF survey utilized the means of

" three years of quarterly data. The means

* “low; medium, and high THM levels. T
_ ‘resulting limitation on the number ¢f

" parison of the two distributions,

far both projects are plotte on a fre-
i quency distribution curve (Figurg™4). (A
' log scale was used for the ordinate axis
( to compress the displayed range, not to

" imply alognormal distribution.) Visually,

the 35-utility DBP study appears to

represent a THM frequency distributjon
- similar to that of the 727-utility

{AWWARF survey. The major difference
'is in the data for low THM levels (<35
#g/L). The DBP study attempted {
achieve a balance among utilities wif

&

utilities with very low THM levels m4
have been responsible for the differende
between the data below 25 ug/L TTHMs

for the two surveys. A statistical cong‘l-

means of a Kolmogorov-Smirov test{
indicates that the hypothesis that thede

.* *Lambda 5, Perkin-Elmer Corp., Norwich. Conn.
¢ Model 2000, Dionex Corp.. Sunnyvale, Calif. ]
¢ tAS4A, Dionex Corp.. Sunnyvale, Calif, . H

AUGUST 1982

35 ptili- .‘
{ ties for the four sampling quatters. The |

plant influent and filter effluent

éamp]es are from the same distribution
s not rejected at a significance level of
10.01.

In addition, a notched box-and-whis.
ker plot of TTHMs for the two surveys
was evaluated (Figure 5). Both sets of
survey results have median TTHM
values of 39 pg/L, and the 95 percent
confidence intervals for the medians
overlap, indicating that the two groups

- are statistically similar in terms of cen-

Beginning with the second sampling quarier, total ovganic carbon analyses of the
were performed. .

niain

e

tral tendency. Furthermore, their mini-.
mums and maximyms are comparable,
indicating a similarity in variability.
Baseline results. Table 4 shows baseline
data for the four sampling quarters. As
would be expected based ori seasonal
temperature differences, the highest
THM levels are.in the summer and the
next highest in the fall. For many utili-
ties in California and the South, fall can
be almost as warm as summer. For the

| ) . I

406 -

[T

I

7227

30.0

7

200

1 N
1:.0 -. —I— . \\

7

~~ Median DBP Concentralion—ug/t

O#rnoles Interquarlile range
* %%k 25ih, 50th, 75th pescenlile values below MAL

et e gy
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Figure 6, DEP concentrafion by class for third quarter (THM —frikai methanes;
HAN—haloacetonitriles: HK—haloketones;: HAA—haloacetic acids; ALD-—alde.
hydes; CHP—chlovopicrin; CHe—chioral nydrate; CNCl—cyanoged chloride:
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TABLE 4
Quarterly median values of DBPFs in drinking water
Concentration—ug/L*
1st Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter
(Spring {(Summer (Fall {Winter
Disinfection By-product 1988) 1988) 1988) 1989)
Trihalomethanes .
Chloroform 15 15 13 - .96
Bromodichloromethane 6.9 10 . 55 41
Dibromochloromethane 2.6 4.5 38 2.7 .
Bromoform 0.33 Q.57 0.88 © 051
Total trihalomethanest 34 {1 44 : 40 - 30
Haloacetonitriles
Trichloroacetonitrile <0.012 <(L012 <0.029 <(.029
Dichloreacetonitrile 12 1.1 1.1 1.2 -
Bromochloreacetonitrile 0.50 0.58 07 0.59
Dibromoacetonitrile 0.54 0.48 0.51 0.46
Total haloacetonitriles 28 ; 2.5 35 40 .
Hzloketones : .
1,1-Dichloropropanone 0.52 (.46 0.52 - 055
1,1,}-Frichloropropanone 080 © 0.35 0.60 X
Total haloketones 1.4 : 0.94 1.0 , 1.8
Halpacids ‘ ;
Monochloroacetic acid <10 ; 1.2 <1.0 1.2
Dichloroacetic acid 7.3 6.8 6.4 5.0
Trichloroacetic acid 5.8 58 6.0 4.0
Monobromoacetic acid <0.5 <0.5 <0.5 <0.5
Dibromoacetic acid 0.9 1.5 14 10
Total haloacids 18 20. 21 13
Aldehydes
Formaldehyde NAL 5.1 3.5 2.0
Acetaldehyde NA 27 286 1.8
_ Total aldehydes NA 6.9 5.5 4.2
Miscellaneous
Chloropicrin 0.16 012 0.10 Q.10
Chloral hydrate 1.8 3.0 22 1.7
Cyanogen chloride 0.45 : 0.60 - 0.65 0.80
2.,4,6-Trichlorophenol <0.3 ! <0.4 - <04 <0.4
Halogenated DBPgym$ 64 82 72 58
Total organic halide 150 1180 170 175
Plant influent characteristics :
Total organic carbon—mg/L NA 2.9 2.9 3.2
Ultraviolet absorbance—em'? NA 0.11 0.11 0:13
Chloride—mg/L NA 28 32 23
Bromide—mg/L ' NA 0.07 0.10 ] 0.07

*Except where otherwise indicated (plant influent characteristics)

tTotal ciass median values are not the sums of the medians of the individual compounds but rather
the medians of the sums of the compounds within that class.

tNA—not analyzed

§The halogenated DBPsym median values are not the sum of the class medians for all utilities but
rather the medians of the halogenated DBPgyr, valties for all utilities, This value is only the sum of
XDBPs measured in this study. ‘ ¥

*Data. for spring 1988 were not included because bromide was not measured that quarter.

5 TABLE 5
DBP concentralions at utility with highesi bromide level (utility 10/*
Component Summer 1988 Fall 1988 Winter 1989
Plantiinfluent—mg/L ‘

- Total organic carbon .46 4.9 . 5.3
Chloride 640 561 680
Bromide 3.0 ‘ 29 2.8

Clearwell effluent—pug/L .

Chloroform . 0.95 ' 0.59 0.72
Bromodichloromethane 3.8 29 Y
Diiromochloromethane 8.6 9.2 o1
Bromoform 30 10 31

Total trihalomethanes 43 53 ' 47
Trichloroacetonitrile , <0.012 <0.029 <0.029
Didhloroacetenitrile 034 0.24 0.27
Bromachloroacetonitrile 1.2 1.1 1.1
Dibromoacetonitrile 5.9 : 6.7 80 -

Total haloacetonitriles 7.4 8.0 7.4 i
Monochloroacetic acid <1.0 ; <].0 1.0
Dichloroacetic acid 0.9 i 08 . . 09
Trichloroacetic acid . <(.6 ; <0.6 <06
Monobromoacetic acid 1.2 1.2 14
Dibromoacetic acid 19 ©13 78

Total haloacetic acids 21 15 11
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'35 utilities, chloroform is the THM with

the highest median; the more brominated
THMs have the lowest medians. A total
class median value was not the sum of
the medians of individual compounds,
but rather the median value of the sum
of all the compounds within that class.
Tbillustrate, the median for a compound
(chloroform, for example) during a quar-
terly monitoring period was the median
of the 35 measured values of chloroform
for that quarter. For each utility, the
sum of the individual compounds within
a class was computed, and then the

‘median of these 35 sums was deter-

mined. Finally, the sum of the individual
halogenated DBP compounds measuted
in this study (i.e.,, XDBP,,,) was com-

“puted, and then the median of these 35

sums was determined.

Fiirther examination of the data for
the third sampling quarter (Figure 6)
shows that, on a weight basis, THMs
weré the largest class of DBPs detected
in this study. The second largest fraction
was the HAAs. The median level of
THMs was approximatdly twice that of
HAAs. For the four quarters of baseline
sampling, an annual average of the sum
of HAAs was computed for each of the 35

utilities. The median value of these -

running annual averages was 19ug/L. In
other research on the aqueous chlo-
rination of humic and fulvic acids,
dichloro- and trichloroacetic acid (DCAA
and TCAA) have been determined to be
major chlorination by-products.10-13 The
third largest fraction detected was the
aldehydes. Although these low-molecu-
lar-weight aldehydes were initially dis-
covered as by-products of ozonation,* !¢
they also appear to be by-products of
chlorination. The trends shown in Figure
6for the third quarter were also observed
in the other sampling quarters.

During the first quarter of baselihe
sampling, correlation matrixes based on
linear regression, analyses were con-
ducted to identify any obvious relation-
ships betwegn the various water quality
parameters gand the DBPs or between
the DBPs themselves. There was a good
correlation between HANs and THMs:
the correlation coefficient () was 0.90.
However, there was a fair amount of
scatter about the linear regression line
%F igure 7). Subsequent evaluation of the

irst three quarters of data showed that
the median ratio of the sum of HANSs to
TTHMs is 0.101 {the 25th percentile is
{.065; and the 75th percentile is 0.147).
Thus, in general, HANs represented
about one tenth of the concentration of
THMg. Another study found that the
coric@tration of dichlereacetonitrile
(DCAN)averaged about 10 percent of the
THM concentration.!s
 Some DBPs have a median value that
is less than the compound’s MRL value
{Table 4). However, every individual

DBP has been detected at some time in '

JOURNAL AWWA
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some utility's water Durmg the flt‘St
sampling quarter, 2/4.6- trichlorophenol
was detected at low levels at a few
utilities, yet it was not detected in subse
quent sampling quarters.

Brominated DBPs. Luring the first
quarter of baseline samplmg, a high
correlation was fouhd between di-
bromoacetic acid (DBAA) and,dibromo-
chloromethane (» = 0:91). In addlttbn
relatively high levels of the easured
brominated DBPs were detected at some
utilities. These findings suggested that
the influence of bromide mlthe raw
water should be evaluated; therefore,
bromide and chloride analys‘es
plant influents were added, begifining
with the second quarter of bagelme
sampling.

Among the 35 utllltIES in this p 0;ect
influent bromide levels ranged} from

<0.01 to 3.00 mg/L. Table 5 shows DBP

data for the utility with the highest
bromide level (utility 10). Not only was
there a shift in THMs to theimore
brominated species at high br"omlde
levels, but the same situation existed for
the HANs and HAAs. The TTHM:levels
of this utility were comparable with the
median TTHMs of all 35 utilities studied,
with the significant difference bejng the
distribution of chlorinated and I"broml
nated THMs. Likewise, DCAA. and

- TCAA, commonly found in othér DBP

studies'd17 as well as this ond; were

barely detected at utility 19; 1}lstead

DBAA was the major HAA detecied
Table 6 shows DBP data for another

" utility (utility 12) with high sbromide

levels; however, for this utili’ty théze
were seasonal shifts in the concentratiod.
Such shifts were observed in many util-
ities as a result of drought conditions
and saltwater intrusion. wrmg the}
summer of 1988, 0.41 mg/L blomide was |
detected at utility 12. In the fall of 1988
and winter of 1989, higher bromide levels
weredetected (0.78-0.79 mg/1L). As Table
6 shows, the change in distribition. of -
brominated DBPs was conslstebt with y:

thechange in bromide level. For example, ¢

bromoform and dibromoacetonitrile

-~ (DBAN) represented (on a weight basis) .

" . higher.

“-utilities with high bromide levels can

: The same phenomenon was observed

36 and 67 percent of the sim of their;
respective class fractions in the summer,

‘j when the bromide level was lowest.
- These percentages increased to about‘}SE} )

and 85, respectively, in the fall a d,
winter, when the bromide levels w e’

As noted, the production of THMS at

shift to the more brominated species.

or

- HAAs and HANs. It is fortunate that -

‘represented. Yet, research has sho
- that other brominated species extst%

many brominated DBPs.were included -
in the study: otherwise, the DBP levills
of some gitilities would have been miis-
wn
at

were not included in thefanaly cal

AUGUST 1989 } or l|

f the »

t

In this study, plant efﬂueni samples were analyzed for theiv chlorine rewa’zm!

concentratlion.

methods for this DBP study. Analysis by
IGC-MS revealed the presence of HAAs
containing both bromine and chlorine
s atoms,™ as observed with THMs; how-
‘ever, analytical standards for these
compounds were not available, Research
also.indicated the formation of bromi-
nated trihatonitromethanes in a manner
similar to the production of CHP (tri-
chloronitromethane).!¥ These findings
emphasize that breminated DBPs—not

. just chiorinated DBPs—are important

in chlorinated drinking water.
Cyanogen chloride. Typically, chlor-

amjnes are uSed as a means of reducmg
!

THM levels in treated waters. During
this DBP study, 14 of the 35 utilities
surveyed utilized chloramines. Ten of
these had free chlorine contact time

39 of 45

——

prior to ammonia addition, and the re

maining four added chlorine and am-
moniaconcurrently. Asshown in Figure
8, the median value of CNCl for utilities
that used only free chlorine was 0.4
ug/L. Utilities that prechlorinated and
postammonizated had a CNCI median of
2.2 pg/L. The 95 percent confidence
intervals around the medians (not shown
in this figure) indicate that these two
disinfection schemes are statisticaily

*

|
|

Tolal Haloacetenttrile Concentration—ug L

. s =gy

Tatal Teinalomelhane Concentrallan—ag:d,

Figure 7. Correlation of HANs with TTHMs for first quarter (n—35} r=0.90)
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different in regard to the CNCI levels
detected in clearwell effluents. The other

disinfection schemes shown in Figure 8 -

represent small data sets, making it
difficult to interpret the data. Figure 9
was generated to show CNCI levels for
utilities distributing chlorinated water
compared with those distributing chlor-
aminated water. Although the order of
chemical addition was considered in
Figure 8, this was not done in Figure 9.
Again, the utilities that provide water
with a free chlorine residual had a
median CNCl value of 0.4 ug/L, and the
ones that deliver chloraminated water
had a median value of 1.6 ug/L. These
treatment regimes are statistically dif-
ferent with regard to CNCl results.

Research in Japan® showed that CNCI
was sometimes formed in the presence
of certain amino acids and hypochlorous
acid but was always formed in the
presence of the amino acids tested when
both hypochlorous acid and the am-
monium ion (i.e., chloramines) were
present. Other research?! found that
CNCl was formed by the reaction of

“humic acld with hypochlorous acid in
the presence of the ammonium ion, CNCI
was at a maximum when the reaction
mixture contained a weight ratio (mg/L
Clymg/L NHz-N) of 8-9:1, and the
maximum yield of CNCI increased as
increasing amounts of hypochlorous acid

- were added. Furthermore, these forma-
tion patterns were reproduced with three
raw waters in Japan. These data imply
that CNCI may be more readily formed
in chloraminated systems.

In other research endeavors, N-chloro-
glycine was formed as a resuit of the
reaction of monochloramine with gly-
cine under conditions typical for drink-
ing water,? and it has been suggested
that CNCI is formed by the reaction of
glycine with chlorine.2? Studies have
demonstrated the formation of organo-
chloramines by the use of inorganic
chloramines in the treatment of water.
The CNC! results presented here, as
well as the presence of moderate concen-
trations of TOX in chloraminated waters
with low THM levels, indicate a need to
further identify chloramine by-products.

Aldehydes. During the third quarter of
baseline sampling, the median values for
formaldehyde and acetaldehyde were 3.5
and 2.6 ug/L, respectively. To determine
whether these aldehydes were produced
by the disinfectants and oxidants used
at the treatment plant or whether they
originated from the source water, e.g.,
from a biogenic process, 10 utilities were
evaluated for aldehyde levels in their
plant influents. Formaldehyde was found
in one influent at 1.2 ug/L. However,
because MWD's holding studies deter-

mined that formaldehyde is unstable in

water with no chlorine or chloramine
residual present, formaldehyde levels in
raw water may have been higher than
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. TABLE6
DBP concentrations ai utilily with seasonal change iy bromide Ievels (uﬂhty 12)*
Component Summei 1988 Fdi1 1988 Winter 1989
Plant influent—mg/L ¥ .
Total organic carbon 2.6 2.2 28
Chloride 11 215 202
Bromide 0.41 0.78 0.79
Clearwell effluent— pg/L .
Chloroform 4.7 4. 14 0.86
Bromodichloromethané 13 % y - 75 6.5 ‘
Dibromechloremethane 28 ; .25 24
Bromoform 26 t 72 53 % t
Total trihalomethanes * 72 106 | 84
Trichloroacetonitrile <0012 a <0.029 <0.029
Dichloroacetonitrile 0.74 £ 0.24 0.19
Bromochloroacetonitrile ‘1.6 Wl 0.96 1.4
Dibromoacetonitrile Yis 7.0 11
Total haloacetonitriles 69 | g2 13 §
. Monochloroacetic acid <10 <10 <l0 -
Dichloroacetic acid 29 1.7 . 09
Trichloroacetic acid 1.6 1.2 0.8
Monobromoacetic acid 1.0 1.6 1.3
Dibromeoacetic acid 14 17 13
Total haloacetic acids 20 22 16

*Data for spring 1988 were not included becauvse bromide was not measured that quarter.
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- detected. Ac'etaldehyd was found in five
of the ten plant inﬂ&ents at levels of

b
o . . . : s 1.5-3.3 ug/L. Thus, 'the acetaldehyde
. ' ’ . d ! ) : found in the clearwell effluents of some
}
i

i

plants was initially present in the
mflue}nts
To'resolve the issue of aldehydes in
. ; o , the raw water, all 35 utilities werz ‘
1 ' ‘ ' vt sampled at the plant influents during
. o . the fourth quarter of baseline sampling,
. : Mercuric chloride was utilized as a pr
R e L : servative for fourth-quarter a]dehyetg
L g sampling because experiments had indi-
- ﬂi : 3 ‘ cated that it‘actsasabiocidetpinactivate
. % . i ‘ |  microorganisms capable of biodegrading
1
}
b

18

"

s organic compounds. Formaldehyde wa
_ P . o : found in 16 of the 34 influents analyze
' P, S . at’ levels of 1.2-13 ug/L. The median
i | : level of formaldehyfle in plant influents
i i " for all 34 utilities w@s <1.0 ug/L, and the
K ' o median level for the”16 utilities in which
} ' A formaldehyde was detected in the in-
, . , 4 fluents was 2.8 ug/L. Acetaldehyde was
; £ , - ' found in 12 of the 33 influents analyzed
: ¥ atlevelsof 1.1-16 ug/L. the median level .
: : of acetaldehyde in plant influents for all
i 33 utilities was <1.0 ug/1.,and the median
i | o level for the 12 utilities in which acetal-
i IR dehyde was detected in the influents
was 2.0 ug/L. |
Table 7 shows'the aldehyde tevels in
selected plant influents and effluents.
the three ozone plants, it is clear th '
i
:

2

/L
(2

Chiorids C
~

llllilIIIIIllllll‘llT1i|‘lliIlll!TTI]llll[IlIT"Ill]l|l!lIllf!}‘lil!l[illl[ll—l

Qv o 7

formaldehyde was a productof the oxida-
tion-disinfection process. Acetaldehyde
was also detected in these effluents; at
B : utility 25, however, there was a higher .
A - I _ _ { : level of acetaldehyde in the plant infll& '

R T . ent. The other plants shown in Table
. , . empioyed either free chlorine only or
: . ) chloramination with prechlorination. At

' . L i ! Q. : - some plants, no formaldehyde or acetal-
4 : T — | P - dehyde was detected in the pldnt influent,
i s | n=a - but these aldehydes were detected in the

: Y Lo effluent. When these aldehydes were
4. Fina} Disintectert ! detected ir]1 thelinflluent, theydwere ﬁither

at g very low level compared with that
- Figure 9. Notched box- andiwh;sker plot of CNCl by fmaldlsmfectant(n—number detected in the effluent (e.g., utility 29

t.of ebservations) ’ a had 2.0 versus 8.0 pg/L formaldehyde in
{ T § : the plant influent and effluent, respec-
Cor tively)or at a level comparable with that
, ' ¢ detected in the effiuent (e.g., utility 14
: ' : , had 6.4 versus 4.1 ug/L formaldehyde in
o ) ! _ i the plant influent and effluent, re-
P ' "TABLE7 spectively). From these limited data, it
’ . : Aldehyde levels injplant influents and effluents*; appears that formaldehyde and acetalde-
. Formhldehydeug/L * Wcetaldehyde—ug/L. hyde are present because of 3 combina-
Utility Influent _ fEtfluent . Influent Effluent tion of the Effe'?ts of plant d smfect_lon
— - processes and influent water quality,
g:ﬂ::‘; ?4 g'g " 2‘? : ;:j 46:; the combination varying frogn one util-
Utility 22 1.2 43 <1.0 2.2 ity to another, ' }
Utility 29 2.0 : 80 <10 .. 46 Table 8 lists: the aldehyde levels at
8tility 3]0 t <1.0 ; 43 1 13 22 three ozone plants during baseline sam-
zone plants ) ) 3 : H
Utiliey 19 1.0 75 <i0 29 pling and at four plants that utilized .
Utility 25 22 19 16 . 55 only chiorine or chloramines but had
Utility 32 14 21 <10 ; 2.1 high formaldehyde levels (=10 ug/L}
¥ . #Selected data shiown for illustrative purposgs during at lpast one sampling. The latter
s Oy : : four utilities had 10 pgJl or more of ]
LR i i ‘ formaldehyde at a time When they had ;
L : i 2| close to 100 ug/L {or more) TTHMs.
: ?i s These data suggest that when a utility's
] N .
. AUGUST 1989 ‘ F . STUART W. KRASNERET AL 49
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*NR—not reported; analytical problem

?

TABLES .
Levels of a!dekydes and THMs in selected clearwell effluents .
Formaldehyde~—ug/L Acetaldehyde—ug/L 'y TTHMs—uz/L . :
Summer Fall Winter Summer Falt . 'Winter Summer " Fall Winter ]
Utility 1988 1988 1989 1988 1988 1989 1988 1988 1989
Utility 2 10 8.2 NR* 42 4.4 MR 90 82 60 :
Utility 9 12 6.2 8.7 4.1 28 | 81l S, 54 40 ]
Utility 26 17 86 2.1 6.0 7.0 2.1 164, 100 28 i
Utility 29 NR 13 8.0 43 52 | 46 109 180 259 i
Ozone plants . i
Utility 19 5.8 10 75 48 53 39 15 20 5.9
Utility 25 3l L. 92 19 15 9.9 5.5 34 16 ' 90
Utility 32 30 oo 2] 35 - 2.8 21 31 1.4 o0

water quality and treatment practices
produce a high level of THMs, they can
potentially produce a high level of form-

aldehyde. Examination of the aldehyde

levels at three ozone plants during base-
line sampling indicates not only that a
higher amount of formaldehyde was
typically detected at these utilities, but
also that the TTHM levels were rela-
tively low. As discussed in a companion
article by Jacangelo et al,® therecan be a
trade-off of halogenated DBPs for form-
aldehyde in implementing ozonation.
Surrogate for DBPs. During this study,
" analyses were performed through four
analytical fractions for a total of 19
individual halogenated DBPs (XDBPs).
Concerns have been expressed about the
practicality of performing several dif-
ferent DBP analyses in a utility’s routine
monitoring program, and the question of
employing a surrogate has been raised.
There was a strong correlation between
TTHMs and the sum of XDBPs measured
in .this project ( = 0.96) (Figure 10).
Because THMs represent the largest
DBP fraction detected in this study, the
data were reevaluated by comparing
TTHMSs to the sum of non-THM XDBPs.
In this instance, r decreased to 0.76.
However, the latter comparison does not
mean that THMs cannot be used as a
surrogate or predictor of the total of
all XDBPs. The correlation between
TTHMs and XDBP,,,, is significant
because it suggests that control of a
utility's THMs may reflect control of the
other DBPs overall. Although this trend
holds true for the sum of XDBPs, it does
not hold true for individual compounds;
e.g., comparing TTHMs to HKs yields
an r of only 0.06. In addition, other
individual DBPs may require separate
monitoring based on their health effects
and their formation and control relative
to THMs, e.g., THM production can be
minimized by using chloramines, where-
as CNCI formation can be increased.
Analysis for TOX was also evaluated
as a surrogate for individual DBP anal-
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yses. One issue associated with the use

of TOX as a surrogate analysis is the .

percentage of TOX in chlorinated waters
that is accounted for by compounds for
which analytical methods exist and are
economically feasible. In another DBP
study,? this.percentage was between 30
and 60 percent; the remaining TOX was
not measured or quantified hy current
analytical methodologies. The amount
of TOX in samples studied in this 35-
utility survey indicated that, based on
mean data, 25 percent of the TOX {on a
molar basis) was accounted for by the
individual DBPs measured in the lab-
oratory. However, the percentage of
TOX accounted for by the target com-
pound DBP analysis ranged from 2 to 75
percent.

Figure 11 shows that the correlation
of the sum of XDBPs measured with
TOX (on a molar halide basis) during the
second sampling quarter had an » of
0.56. Similarly, the correlation of TTHMs
with TOX had an » of 0.54. It proved

r

infeasiﬁle todechlorinate the TOX sam-

ples in'the field, and concern over fur-
ther TOX prodqctlon during overnight
shlppmg under iced conditions prompted
several experiments. Thede tests in-
dicated that TOX wvalues were not
affected for chloraminated samples but
that theke was some TOX production
during the shipping of chlorinated sam-
ples, the. amount of which was site-
specific. Therefore, in Figure 11, the
chloraminated waters are noted spe-
cifically. When data for only the utilities
that chloraminated were used, the cor-
, relation improved. However, the corre:
lation between XDBPs and TOX is not
as good as that between XDBPs and
TTHMs. In addition, not enough is
understood about the other components
of TOX, making its use as a surrogate
difficult. However, the TOX test can be

valuable as a complementary analysis to |

+ individual DBP measurements.
Several researchers have investigated
the relationships among TOC, UV, and

100

300

T T LI L T T T 71

200

Concentralion of XOBP,  —ug/L

100

T 1 1 T T T T T

1
G 50 <100

(n—140; r—0.96)

150 200 250 360

. Total Trihalomelhane Concentralion+ugrL

Figure 10. Correlation of halogenated DBPs with TTHMs for four quarters
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pH i ! [ Il .y uu 8.9 8.9 9.0
Total chlorine residual—mg/L 40 40 3.5 29 I3z .35 3.5

DBP concentratmn—ug/L | ] : '
TTHMs b 38 B 39 55 46 37 44

- Total HANs ' 5.0 48 | 15 0.72 0.51 0.57 0.49'
1,1-Dichloropropanone - 22 2.2 0.77 0.69 0.41 0.38 0.32
1,1,1-Trichloropropanone 1.5 id £0.013 <0.013 <0.013 <0.013 <(.013
CHP . 0,09 0.10 0.17 0.20 017 0.16 ~ 0.18
CH Voo 4.0 39 1.2 0.95 0,64 061 - 0.47
Total HAAs v ‘ 3 5 39 39 44 44 ' 44
DCAA : X b 18 ] 22 22 25 26 28
CNCI A 43 | 45 36" 2.0 17 1.0 1.3
TOX % 180 150 150 140 150 150

*Fl—filter influent; FE--filter effluent; GE—clearwell efﬂuem L1- L4—dlstnbunon system locations in order of increasing residence time !

1No lime added : E e ¢ i .

L

THM formation poten'tlal (THMf'tP 7-29

- During the second quarter of sarhplmg,

the correlation between the U]V and
TOC of plant influents was hlﬁh ie.,

r = 0.92. However, neither of these two
parameters correlated with the TTHMs
in the plant effluents. That is,: durmg
the last three sampling quarttrs for
effluent THMs versus influent: TOC,

r = 0.48 (Figure 12); for THMs versus
UV, r = 0.41. Because uti]iti : apply |
chlorme dosages based on nutherous
considerations, e.g., thechlorme Hemand
of the water and taste-and-odor control

the THMs detected do not negessarily
reflect the THMFP of that water. Also,
because a large percentage of the utilities

"in this study used chloramlnes and

several utilized ozone as a preoxidarit,it,
is not surprising to find a poor correlation
between the influent TOC and the ef-

fluent DBPs. A mathematical model that
accounts for chlorine dosa% JTOC cont
centration, bromide level mpe{'ature.
pH, and other parameters is currently

. being explored to determine whether

THM levels are predictable.?

‘One approaﬁh to THM control has
been to optimize coagulation for pre-
cursor removal,” and TOC has been
used as a surrogate for THM (and DBP)
precursors. Idéally, precursor removals
of 50-75 percent are desirable.® However,
costs associatéd with higher alum dos-
ages and increased solids loading, re-
moval, and disposal are being evaluated ™
During the second and third sampling
quarters:of this DBP study, the mean
TOC removal for utilities with filtration
capabilities was 24 percent from the
plant influent to the clearwell effluent.
The mean removal prior to filtration
was 20 percent, indicating that the fil-
tration process p}ov:ded only a small
part of the overall removal. Furthermore,
when a correlation of TOC removal from
plant influent to clearwell effluent was
evaluated against influent TOC levels, a
correlation of only = 0.59 was obtained.
For utilities with influent TOC levels of
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Figure 11. Correlation of halogenated DBPs with TOX on a molar hallde basis for
+ - second quarter (n—34; r—O 56) ?

AUGUST 1989

i
]

<b mg/L, overall TYC removal through
the plants varied from 1 to 50 percent. In
another study of five conventional treat-
ment plants, average TOC removal
prior to filtration was 11 percent, and

average removal overall was 15 percent. -

These results indicate that TOC removal
is ineffective under treatment practices
at most of the utilities in this study. As
part of the second year of the DBP study,
selected utilities!are performing treat-
ment studies to minimize DBP formation,
Two of the 35 utilities will experime%
with optimized coagulation for TOC an
DBP precursor removal.

Distribution system sampling. Tables 9
and 10 show DBP data over time for two
chloraminated distribution systems
utilities 25 and 6. Although utility
used lime addition for stablization, lime

was not being added when the plant -

fitter influent and effluent were sam-
pled. As a result, these two samples had
pH values of 7.3-8.1, but. with lime
addition, the clearwell effluent and
distribution sampling points had pH
values of 8.9-9.0. Previous studiegds#
indicated that high pH values (around 9)
result in increased formation of THMs

and decreased formation of TCAA, DCAN -

and other HANs, CH, TOX, and 1,1,1-
trichloropropanocne. These studies dem-
onstrated that DCAN, CH, and 1,1,1-
trichloropropanone can all undergo
base-catalyzed hydrolysis, When the
DBP data from the filter effluent and

clearwell effluent at utility 25 are .

compared, it is apparent thatsthe HANs,
HKs, and CH are significarjtly dimin-
ished at the higher pH. In addition, these
compourids further degrade throughout
the distribution system. Hbwever, at
utility 6, where lime addition was not
practiced and the pH of the water was
from 7.5 to 8.0, these DBPs were stable

. throughout the system. The levels of

THMs and these unstale DBPs were
comparable at utilities @ and 25 when
lime was not added at th§ latter utility.
These data and the referenced studies
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imply that an increase in pH can degrade
_or hydrolyze certain DBPs; however; the
‘higher pH can increase THM formation,
Finally, CNCl decreased in the distri- -
o butlon system of utility 25 but increased
TABLE 10 o im utlllty ’s system (Tables 9 and 10).

Effects of residence time on DBP formation af utility 6 - The increase at the latter utility was "
= = probably caused by the continuing re-
Sampling Location® .. | action of chloramines with CNCI pre-
Parameter CE L1 Lz L3 . 7 cursors. The decrease at utility 25 may

Water quality o N have resulted from degradation of CNCl
pH 8.0 7.7 76 | 75 7.8 at high pH. In a study of CNCl stability,

5 Total chlorine residu?’lL—-mg/L 35 1 >20 >2.0 290 »2.0: reagent water was buffered at pH values
BF concentration—pg. ‘ . :

TTHMs “ 51 50 53 - 50  of 5, 7,7and 9. CNC! broke down im-

- Total HANs 6.3 7.4 68 6.3 wr mediately at pH 9 and after three days at
1,1-Dichloropropanone 1.2 1.3 1.2 1.3 14 the other pH levels. However, CNCl in :
1,1,1-Trichloropropanone 23 24 24 1.8 22 nbuffet n H
CHP , 0.44 0.56 0.50 040 | 050 . ?mbi" -erEdhreagi boveter was Stﬁb]e’ f
CH 15 5.1 4.9 47 | 52 plying that the buffers may have ;
Total HAAs 40 47 45 24 46 caused the degradation. More funda- :
DCAA . 20 23 Nzg‘ 15 22 mental research into the formation and ‘
CNCl 4.7 7.5 ¥ 6.0 9.9 ili his D i A
To5 hA 20 %50 o0 10 | stab ty of this BP is needed

*CE—clearwell effluent; L1-L4—distribution system locations in order of increasing residence time Summary and ¢0I10|IISIOI‘I$

TNA—Not analyzed The median TTHM value for thls

DBP study was 39 ug/L, which was also
the overall TTHM median of a recent
‘ AWWARF national THM survey. Fur-
o thermdre, the current 35-utility DBP
L study ‘represents the same THM dis-
L o tribution as the 727-utility AWWARF
L ' survey. The THMs were the largest
L . class of DBPs measured in this study (on
s L a weight basis). The next significant
i : DBP fraction was HAAs; the median
L HAA,,, was 19 ug/L. When the DBP
| ' data were evaluated for correlations
among various parameters, TTHMs
i were found to have a high correlation
o r : - with the sum of the halogenated DBPs.-
i . _ Of the 35 utilities in the baseline
study, only three empioyed ozone, yet
. almost all had detectable levels of form-
¢ aldehyde and-acetaldehyde. Although
these aldehydes were present in some of
- the plant influents, chlorination alone
has been demenstrated to produce form-

150

TTHM Concenlration int Clearwell EMHuent—pg/L

o . | aldehyde and acetaldehyde.
L . . Chloramineg have been used effec-
00 [+ wt? tively to limitbthe formation of THMs
L .. ' %nd other DBPs, but, in most waters,
L % . . _ NCl was found to incrgase in the
L % " ‘ o presence of chloramines. The distribu-
L .‘" o * . tion of CNCI was statistically demon-
ol wi?o, . L strated -to be divided into two groups, .
Lo b . - de&endmg on whether the final disin-
L e ':' M N : fectant was chlorine or chloramines.
B S B . ‘ . Btomide in source waters has been {
« 3 . L shown to shift the distribution of THMs, '
[ gy : HANs; and HAAs to the more brominated
er o . species/A hlgh pH (around 9) has been
T L e implicated in the degradation of HANSs,
: ‘ HKS, @1, and possibly CNCL. The ¢

jf this and other DBP studies
¢ indicate fhat a complex set of equilibria
Figure 12. Plot of TTHMs in clearwell effluent versus TOC in plant mfluent for | andkinetics is involved in understanding
three quarters (n—105; r—0.48) DBP formation and degradation. To
. ' quote a remark attributed to the nat-
" uralist John Muir, “When we try to pick
out anything by itself, we find it hitched

- to everything else in the universe.”

The work produced by this study'is _
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i
leading to identification of the DBPs
that can be expected in drinking water,

- as a function of sourck water quality,

seasonal factors, water treatment pro-
cess selection, operation, and disinfection
processes and chemicals, Thé results of
this study will be of value to both (1) the
JUSEPA in defining the best available
technology when setting new THM and

.. DBPregulations and (2) the water utility

industry in deciding among treatment
process alternatives to meet rew DBP
regulations. [
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